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Abstract 
Lipase (triacylglycerol lipase EC 3.1.1.3) produced from members of the 
bacterial genus, Meiothermus, catalyzes the hydrolysis of triacylglycerols to 
diacylglycerols, monoacylglycerols, fatty acids and glycerols. Meiothermus spp. are 
moderately thermophilic, with an optimal growth temperature of 55 to 60°C. Isolated 
strains often contain red or pink pigments. 
Meiothermus spp. isolated from various natural thermal environments 
worldwide were screened for lipase production. Both extracellular and cell-
associated lipase activities of 29 strains of Meiothermus spp. were determined with a 
spectrophotometric assay using /?-nitrophenyl palmitate as a substrate. Most of the 
lipase activity was cell-associated except for one strain, # 16106. Addition of olive 
oil to the culture medium enhanced lipase secretion by some strains. 
Three Meiothermus strains (IIR, 17R and 12RB) isolated from hot springs in 
Taiwan were selected for further study, and effects of various physiological and 
nutritional parameters on lipase production were investigated. All three cell-
associated lipases exhibited the highest activity recorded with /?-nitrophenyl caprate 
(C-10). Since lipases from these isolates exhibited increased activity on C-10 p-
nitrophenyl esters, a more sensitive spectrophotometric assay using p-nitrophenyl 
caprate in place of the palmitate derivative was developed for this purpose. The 
optimal pH and temperature values for the lipases from strains 1IR was pH 8.6 and 
70。C; 17R and 12RB were pH 8.2 and 75。C. In all three cases, 90% of the lipase 
activity was inactivated following incubation at 85 for 60 min. Increased lipase 
activity was observed when the isolates were grown in the presence of certain oils, 
especially peanut oil. 
ii 
The purification of lipases activity from Meiothermus sp. strain 17R included 
treatment of the Triton X-100 with sodium chloride, DEAE-Sepharose column 
chromatography, Sephacryl S-100 chromatography, FPLC Mono P H R 5/5 and 
preparative gel chromatography. Two lipases were purified with similar molecular 
mass of 80-85 kDa and pi of 4.6 for lipase I. A B L A S T database search to compare 
the N-terminal amino acid sequence of lipase I revealed high homology with N-
terminal amino acid sequences of several bacterial carbon monoxide dehydrogenases. 
No homologous sequences were found for lipase 11. 
Attempts were initiated to isolate the c D N A of lipases I and II from 

















pH 8.2和攝氏75度。而在攝氏85度條件下’ 60分鐘後他們脂肪酶便會喪失百 
分之九十的活性。此外，在培養液中補加油，尤其花生油，則可以提高脂肪酶 
的活性。 
在 Triton-X 100 及氯化鈉的處理後，經過 DEAE-Sepharose ’ Sephacryl S-
100 ’ FPLC Mono P H R 5/5層析，最後用制備凝膠的方法，我們從種17R中分 




此外’我們更嘗試從種17R中分離Lipase I與lipase II的cDNA ° 
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Lipases (triacylglycerol acylhydrolase: EC 3.1.1.3, Enzyme Nomenclature 
lUBMB) are a group of enzymes that catalyze the hydrolysis of triacylglycerols to 
diacylglycerol, monoacylglycerol, fatty acids and glycerol (Jaeger et al., 1994). They 
exhibit maximum activity towards insoluble substrates at oil-water interfaces and, in 
many cases, their activities are controlled mainly by the conformation of the "lid" (a 
peptide segment) which may cover the active site (Verger, 1980; Nardini and 
Dijkstra, 1999). These features are used to distinguish true lipases from esterases. 
Lipases can be broadly classified into three types: 
(a) triacylglycerol lipases (EC 3.1.1.3): These hydrolyse triacylglycerols and 
are regarded as true lipases. They are the major constituents of granules 
and inclusions of many microorganisms; 
(b) non-specific lipid acylhydrolases: These exhibit the combined actions of 
various lipases such as phospholipase Ai (EC 3.1.1.32), phospholipase A2 
(EC 3.1.1.4) and phospholipase B (EC 3.1.1.5)，which occur in diverse 
plant and animal tissue; 
(c) phospholipases C (EC 3.1.4.3) and D (EC 3.1.4.4): Both of these lipases 
are widely distributed in plants. 
Lipases can attack the triacylglycerol molecule randomly or may exhibit 
positional specificity. Positional specificity can be defined at three levels: typo-
selective, regio-selective and stereo-selective. 
Lipases are widely distributed in animals, plants and microorganisms. In 
animals, there are four groups of mammalian lipases designated as lingual, hepatic, 
gastric and pancreatic lipases. In plants, the true lipases include those from rape, 
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castor bean, maize and peanut. Most are reported to be membrane-bound and have 
been applied to various biotransformation reactions. Microbial lipases have been 
described in both bacteria and fungi. Lipase production by microorganisms grown in 
submerged culture varies considerably according to the actual growth conditions. 
Various factors affect lipase production including temperature, pH, nitrogen 
composition of the growth medium, carbon source, the presence of lipase substrates 
and oxygen availability. Most microbial lipases are extracellular and are secreted 
through the external membrane into the culture medium. However, lipases may also 
exert physiological functions inside the cells or cellular membranes where they are 
involved in the metabolism of lipids and/or lipopolysaccharides. The amino acid 
sequences of several microbial lipases have been determined and vary in size from 
258 to 544 amino acid residues (Vulfson, 1994). 
Several methods for assaying lipase activity have been developed, most of 
which are based on the principle of product appearance as opposed to substrate 
depletion. They include titrimetric methods, colorimetric methods, fluorometric 
methods, conductance methods and chromatographic methods. 
Lipases have numerous applications particularly in the food, chemical and 
pharmaceutical industries. 
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1.2. Mechanism of lipolysis 
Lipases (triacylglycerol acylhydrolase: EC 3.1.1.3) hydrolyse 
triacylglycerides, diacylglycerides and monoacylglycerides by cleaving the carboxyl 
ester bonds present in acylglycerols to liberate organic acids and glycerols (Fig. 1.1). 
〇 
H^C ——O——C — (CH2)n——CH3 
〇 Lipase 
H ^ C — 〇 — — C 一 ( C H 2 ) n — C H s + 3H2O , 狭 
I o 
H2C — o — c 一 (CH2)n ——CHs 
Triacylglyceride Water 
H ^ C — — O H 
〇 
H2C ——OH + H O — C — ( C H 2 ) n — C H 3 
H2C ——OH 
Glycerol Fatty acid 
Figure 1.1 Hydrolytic and synthetic actions of lipase. 
The mechanism of the lipase reaction occurs in three stages: (i) acylation, (ii) 
de-acylation and (iii) reaction with water molecules (Sugiura and Isobe, 1976). The 
catalytic activity is associated mainly with the Ser residue located at the active site. 
The nucleophilic oxygen of the Ser residue reacts with the triacylglyceride and forms 
a tetrahedral hemiacetal intermediate. The ester bond of this hemiacetal intermediate 
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is then hydrolysed with the release of the diacylglyceride. The acyl ester bond 
located at the active site is then cleaved by reaction with a water molecule and finally 
releases the fatty acid (Petersen et al., 2001). The above reaction is facilitated by 
electrostatic interactions since these can affect the rate of substrate association and 
product dissociation. It has been found that a negative electrostatic potential at the 
bottom of the active site Ser gives high enzyme activity. The negatively-charged 
active site interacts with the uncharged triacylglyceride and water molecule which 
enhances the cleavage of the substrate to an ionized, free, negatively-charged fatty 
acid. The fatty acid will be ejected immediately from the active site due to 
electrostatic repulsion (Fig. 1.2). This mechanism is known as the "electrostatic 
catapult" (Petersen et al., 2001). 
c — 0 
'I 个 
？ ？ 
O—C C — 0 
\ / — ^ r 
\ / Cleavage of the substrate 
^ 0 ^ OH 
h ©ri }e 
® er 120^ © 
Ser 120 
Figure 1.2 Electrostatic catapult repulsion model (taken from Petersen et al” 2001). 
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The limiting step in the lipase reaction was found to be the acylation step. 
According to the electrostatic catapult mechanism, the fatty acid will be repulsed 
from the negatively-charged active site and thereby facilitate deacylation (Petersen et 
al., 2001). Furthermore, experiments have shown that, although the free fatty acid 
does not dissolve in the water phase but remains at the substrate-water interface 
where the enzyme reaction take place, no product inhibition of enzyme activity is 
observed (Sugiura and Isobe, 1976). 
1.3. Distinction between lipases and esterases 
The major difference between classical esterase and lipase activity is based 
on an ability of the latter to be activated by interfaces. Esterase activity is a function 
of substrate concentration and follows the Michaelis-Menten kinetic model. The 
formation of a substrate-water emulsion does not alter the reaction rate. However, for 
lipases, relatively little activity is seen with a given substrate when the substrate is in 
its monomeric state (i.e. water-soluble). However, when the solubility limit of the 
substrate is exceeded, a substrate-water interface will be formed and there will be a 
sharp increase in enzyme activity due to the formation of the substrate emulsion 
(Jaeger et al., 1994). Figure 1.3 shows the interfacial activation of lipases. The 
broken line in the graph represents the saturation of substrate. On the left hand side 
of the line, the substrate is dissolved in water and, on the right hand side of the line, 
the substrate forms an emulsion with an increasing interfacial area. This 
demonstrates that the lipase activity is dependent upon the presence of an interface. 
The larger the interface, the higher the activity. Therefore, lipase can also be defined 
as a carboxylesterase acting on emulsified substrates. 
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However, some lipases, such as those from Pseudomonas aeruginosa (Jaeger 
et al., 1993) and Bacillus subtilis (Lesuisse et aL, 1993), do not show activation in 
the presence of emulsions. This is because these enzymes are able to degrade both 
emulsions and monomeric substrates, whereas esterases only degrade monomeric 
substrates (Nini et aL, 2001). Therefore, lipases should be defined according to both 
interfacial activation behavior and an ability to hydrolyze emulsions of long chain 
acylglycerols. 
Lipase Esterase 
•t 丨 Z 
/ / I 
^ : / ^ / i 
<U I / (U / I I 丨 / I / I ^ J j “ / J  
Substrate concentration Substrate concentration 
Figure 1.3 Interfacial activation of lipases. 
Classical activity profile of a pancreatic lipase and a horse liver 
esterase at different substrate concentrations exceeding the saturation 
point. The dashed lines indicate the point of substrate saturation. 
(Jaeger et al” 1994) 
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1.4. Interface activation 
Following the development of methods to determine the 3-dimensional 
structure of proteins, and functional studies to elucidate the role of individual amino 
acids in the catalytic activity of the enzyme, research has been conducted on many 
different lipases. All shares the same hydrolysis site (active site) with the essential 
serine residue located at the centre of the structurally homologous consensus peptide 
GX1SX2G and form the catalytic triad (Ser, Asp and His) (Pouderoyen et al., 2001). 
Various lipases having this motif are shown in Table 1.1. These catalytic centres are 
buried beneath one or more surface loops (Van Tibeurgh et a!., 1993). However, in 
lipases from bacteria belonging to the genus Bacillus, these conserved sequences are 
different in that the first glycine residue is replaced by alanine (Dartois et al., 1992). 
Moreover, many of the larger lipases have been found to contain a conserved 
folding pattern called the a/p hydrolase fold (Ollis et al., 1992). This fold consists of 
eight parallel p-sheets (only the second p strand is anti-parallel) with both sides 
surrounded by a-helices (Fig. 1.4). The centre of the active site (Ser) is always 
located in the ‘nucleophile elbow', a very sharp turn of the fold. In this elbow 
position, the substrate and the water molecule can easily be accessed (Nardini and 
Dijkstra, 1999). This canonical a/p hydrolase fold is now considered to be a 
recognized structure for different hydrolases. Most of these folds contain a peptide 
segment called a 'lid' that covers the active site of the lipase (Fig. 1.5), and the 
closed-lid conformation is stabilized by hydrophobic interactions (Verger, 1980). 
This prevents access of substrate molecules to the lipase active site. Therefore, the 
enzyme is inactive towards low molecular weight, water-soluble ester molecules 
(Winkler et al., 1990; Brady et al” 1990). However, when the lipase is bound to the 
lipid interface, the lid will undergo certain conformational changes and moved away 
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from the active site of the lipase. This interface activation results in the active site 
becoming more freely accessible which, in turn, leads to increased enzyme activity 
(Nardini and Dijkstra, 1999). This interface activation is also another way to 
distinguish between esterases and true lipases. 
；X' z J、 \ C O O H 
VP'oTD (t\ z 
Figure 1.4 a/p hydrolase fold (taken from Nardini and Dijkstra, 1999). 
(S ) ^ ( D 
Stabilized by hydrophobic interaction 
Close (inactive) conformation 
Conformational changes 
玲 ( D � / 
_ \ ( 遍 ^ ^ Oil-water interface 
Open (active) conformation 
Figure 1.5 Conformational change of lipase at oil-water interface. 
8 
Table 1.1 Amino acid sequences of various hydrolytic enzymes that contain the 
GX1SX2G consensus motif (Zygmunt and Allan, 1993). 
Enzyme Sequence 
Human lipase gene family 
Human pancreatic lipase N V H V I G H S L G A H A A 
Human lipoprotein lipase N V L V L G Y S L G A H A A 
Human hepatic lipase N V L V I G Y S L G A H V S 
Other mammalian lipases 
Human gastric lipase Q L H Y V G H S A G T T IG 
Bile salt-stimulated lipase N I T L F G E S A G G A S V 
Hormone-sensitive lipase R I C L A G D S A G G N L C 
Filamentous fungi family lipases 
Mucor miehei (RmL) K V S V T G H S L G G A T A 
Humicola lanuginose (HIL) R V V F T G H S L G G A L A 
Pemcilliiim camernbertii E L V V V G H S L G A A V A 
Rhizopus delamar K V I V T G H S L G G A Q A 
Bacterial liapses 
Moraxella T A 144 (Lip3) N T H V G G N S M G G A I S 
Moraxella T A 144 R L G A I G W S M G G G G A 
Staphylococcus aureus K V H L V G H S M G G Q T I 
Pseudomonasfragi R V N L I G H S O G A L T A 
Other 
Toredo californica 
acetylcholinesterase (AchE) T V T I F G E S A G G A S V 
Geotrichum candidurn lipase (GcL) K V M I F G E S A G A M S V 
Fusarium solani cutinase T L I A G G Y S Q G G A A L 
Chicken liver fatty acid synthase 
Thioesterase domain P Y R I A G Y S F G A C V A 
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1.5. Substrate specificity of lipases 
Lipases can attack triacylglycerol molecules without any positional 
selectivity and specificity towards the chemical structure of the component fatty 
acids (Kim et al., 1984). However, some bacterial lipases may exhibit positional 
specificity (Table 1.2). Positional specificity can be recognized at three levels 
according to substrate specificity, i.e. typo-selective, regio-selective and stereo-
selective specificity (Rogalska et al., 1993b). The substrate specificities of lipases 
are an important feature in the context of industrial application (i.e. oleochemical 
chemistry) (Reetz, 2002). The applications of lipases will be discussed in Section 1.9. 
Typo-selectivity involves specificity of the lipase towards a given fatty acid. 
Some lipases prefer short and middle-sized (<C12) fatty acid chains; for example, 
lipases from P. aeruginosa, strain 109 (Thomson et al” 1999) and Bacillus sp. 
(Sugihara et al, 1991) are specific for fatty acids with chain lengths of four to six 
carbons and those containing twelve carbon atoms or less, respectively. 
Other lipases are regio-selective (Fig. 1.6). Lipases exhibiting regio-
selectivity prefer substrates where the primary carboxyl ester bonds are located in the 
external positions sn-1 and sn-3 (primary esters) as opposed to the internal position 
sn-2 (secondary ester). Positional specificity of lipases from Bacillus sp. (Sugihara et 
al., 1991), P. cepacia (Sugihara et al, 1992) and P. aeruginosa (Gilbert et al., 1991) 
have been studied, and the results indicated that these lipases hydrolyze 1- and 3-
positional ester bonds in preference to 2-positional ester bonds. However, other 
lipases do not exhibit such positional specificity; for example, the lipase from 
Staphylococcus hyicus (van Oort et al., 1989). 
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Lipases that are stereo-selective have the ability to discriminate between two 
enantiomers. Enantiomers are compounds with the same chemical structure but 
where substituent groups are stereoheterotropic but homomorphic. Figure 1.7 shows 
an example of a pair of enantiomeric diacylglycerols. 
I O 
Sn-1 H2C — 〇 一 C 一 ( C H 2 ) n — CH3 
〇 
Sn-2 H2C — 〇 一 C 一 ( C H 2 ) n — C H 3 
I o 
Sn-3 H2C — O — C 一 (CH2)n ——CH3 
言 
Figure 1.6 Lipase regio-selectivity 
r —————————————————————— 
i 〇 i 「 
i II i C h h ^ O H i ^ 
C I • ^ 广 O — C — C H 3 i I i ^ 
一 卜 H p 一 厂 ” — — — p — : 
Chb4"0H I Cht—^O — C——Crti 
Figure 1.7 A pair of enantiomeric diacylglycerols (Rogalska et al” 1993b). 
The stereo-specificities of lipases are dependent upon the surface pressure of 
the substrate. Changing the surface pressure at the interface can alter the 
conformation and interactions of the substrate at the monolayer, and the enzyme-
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substrate chiral recognition will be affected (Rogalska et al., 1993a). At air/water 
interfaces, an increase in lipid density will result in a decrease in the stereo-
specificity. Furthermore, stereo-specificity may also depend upon the length of the 
substrate chain. In order to improve the enantio-selectivity of a given lipase, certain 
mutations in the amino acid residues localed at the active site of the lipase have been 
undertaken by rational protein engineering (Rotticci et al., 2001). A mutation 
whereby the active site Ser of a lipase from Candida antarctica was changed to Ala 
affected the stereo-selectivity of the enzyme towards 1 -bromo-2-butanol. The 
mutation reduced the electrostatic repulsion induced by the fatty acid and the active 
site as described in Section 1.2. Moreover, another study showed that the stereo-
preference of lipases produced by Rhizopus oryzae, Rhizomucor miehei’ Candida 
rugosa and C. antarctica were controlled by the distance between the side chains of 
the His gap motif (residues) (Pleiss et al” 2000). 
Table 1.2 Types of specificity exhibited by different bacterial lipases (taken 
from Thomson et a!” 1999). 
Source Molecular mass Type of specificity  
(kDa)  
Staphylococcus aureus 76 Broad 
Bacillus subtiUs 19.4 1,3 position and C8-fatty acids 
Aeromonas hydrophila 71.8 preference for C6-C8-fatty acids 
Pseudomonas aeruginosa 109 30 preference for C4-C6-fatty acids 
Pseudomonas aeruginosa EF2 29 1,3 position and C18- fatty acids 
Pseudomonas alcaligines 30 1,3 position and C12-C18- fatty acids 
Pseudomonas species ATCC 21808 35 preference for C8-C10- fatty acids 
Pseudomonas fluorencens SIKWl 48 1,3 position and C6-C8- fatty acids 
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1.6. Classification and properties of bacterial lipolytic enzymes 
Bacterial lipolytic enzymes consist not only true lipases but also 
carboxylesterases (EC 3.1.1.1). The latter hydrolyse small water-soluble ester 
molecules and are differentiated from true lipases in terms of substrate specificity 
(Sugiura and Isobe, 1976). In recent years, our knowledge of the structures of lipases 
and esterases has increased considerably through the publication of many encoding 
gene sequences and the resolution of many crystal structures. This has also aided in 
the identification and classification of lipolytic enzymes, and has resulted in the 
recognition of eight different families (Arpigny and Jaeger, 1999). 
Family I consisted of six sub-families of true lipases. The first three sub-
families are mainly Pseudornonas lipases of different molecular weights. 
Pseudomonas lipases were the first enzymes of this type to be studied. The molecular 
weights of sub-families 1, 2 and 3 are 30-32kDa，33kDa and 50-65kDa, respectively. 
The expression of active lipases of sub-families 1 and 2 are dependent upon specific 
helper protein ‘lipase-specific foldases.' Furthermore, Ca^ "^  binding sites and 
disulphide bridges were also found in the crystal structure of the lipase proteins and 
are located at homologous positions within all of the amino acid sequences. These 
binding sites and disulphide bridges are thought to be important for active centre 
stabilization (Arpigny and Jaeger, 1999; Kim et al., 2000). Differences have been 
observed between lipases belonging to sub-families 1 and 2 and those placed in sub-
family 3. The latter have higher molecular weights, and also lack both N-terminal 
signal peptides and Cys residues that are present in the former. 
Lipases from sub-families 4 and 5 are derived mainly from gram-positive 
bacteria belonging to the genera Bacillus and Staphylococcus. In these lipases, the 
first glycine residue in the conserved peptide: AX1SX2G is replaced by alanine 
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(Dartois et al., 1992). The average molecular weight of lipases belonging to sub-
family 4 (~20kDa) are far smaller compared to lipases assigned to sub-family 5 
(~75kDa). 
True lipases that do not belong to any of the sub-families 1 to 5 are placed in 
sub-family 6. 
Lipolytic enzymes classified as belonging to family II consist of a G D S L 
peptide motif instead of the conserved GX1SX2G peptide. This G D S L motif is 
thought to constitute a conserved sequence block in at least four bacterial esterases. 
They contain a catalytic triad (Ser, His and Asp) or dyad (Ser and His - the Asp is 
replaced by a Trp residue). The Asp residue in the catalytic triad is always located 
three positions upstream of the histidine. 
Lipolytic enzymes assigned to family III showed 〜20% amino acid similarity 
with the intracellular and plasma isoforms of human platelet activating factor 
acetylhydrolase (PAF-AH). These proteins are monomeric and display the canonial 
fold characteristic of a/p hydrolases with typical catalytic triads. 
The specific feature of bacterial lipolytic enzymes belonging to family IV is 
the homology between their amino acid sequences and that of mammalian hormone-
sensitive lipase. 
Bacterial lipolytic enzymes belonging to family V have been isolated from 
bacteria found in extreme environments but are similar to those placed in family IV 
in that they are thought to have originated from mesophiles and cold/heat adapted 
bacteria. They often exhibit homology with the amino acid sequences of various non-
lipolytic enzymes such as epoxide hydrolase, dehalogenases and haloperoxidases. 
However, they also possess the typical catalytic triad and a/p hydrolase fold. 
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Bacterial lipolytic enzymes assigned to families VI and VII are esterases. 
'Small' esterases with molecular weights of 23-26 kDa are classified in family VI 
while ‘large’ esterases (> 26kDa) belong to family VII. Esterases belonging to these 
two families also possess the typical catalytic triad and a/p hydrolase fold. However, 
they display broad specificity but have no activity towards long chain triglycerides. 
Bacterial lipolytic enzymes from family VIII are esterases that contain the 
SX1X2L catalytic motif that is similar to the class C P-lactamases. However, the 
catalytic mechanism of this family of esterases has not yet been defined. 
1.7. Assays used to measure lipase activity 
Several methods have been developed for the measurement of lipase activity. 
The most common methods involve titrimetric and colorimetric techniques. 
1.7.1 Titrimetric method 
Most research on lipases involving titrimetric assays has adopted triolein or 
tributyrin as substrates. The lipolytic reaction catalysed by lipase will liberate fatty 
acids that are then continuously titrated with sodium hydroxide until a change is 
recorded in the colour of a pH indicator or until the pH of the reaction mixture 
reaches a constant value. Since pH is an important factor controlling the rate of 
enzyme catalysis, it should be kept constant by monitoring the addition of sodium 
hydroxide over time. One millilitre of sodium hydroxide consumed was equivalent to 
one unit of enzyme which, in turn, is defined as liberating 1 i^mol fatty acid per 
minute. The reaction rate is linear with respect to both enzyme and substrate 
concentrations (Vorderwulbecke et al., 1992). However，this titrimetric method has 
many disadvantages: a long incubation time is required (possibly resulting in enzyme 
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denaturation) and large sample volumes are involved. A modified titrimetric assay 
that uses a pH-Stat results in a less laborious assay but unfortunately requires 
expensive equipment (Fossati et al., 1992). 
1.7.2 Colorimetric methods 
1.7.2.1 p-Nitrophenyl ester assay 
Colorimetric-based methods for measuring lipase activity usually involve the 
use of synthetic substrates that are /?-nitrophenyl derivatives of fatty acids. These 
include -nitrophenyl palmitate (PNPP), ;?-nitrophenyl caprate and ;?-nitrophenyl 
caproate (PNPC). The structures of these p-nitrophenyl esters are shown in Figure 
1.8. Hydrolysis of these substrates by lipase will release ；?-nitrophenol (PNP) and 
fatty acid. /?-Nitrophenol is yellow in colour and can therefore be measured 
spectrophotometrically in the visible range (about 410nm). One unit of enzyme 
activity is defined as the amount of enzyme releasing 1 jiimole of pnp per minute. 
However, /?-nitrophenyl fatty acid derivatives are not suitable for specific lipase 
assays because they are also cleaved by esterases. 
Other artificial substrates can be used for assaying lipase activity besides p-
nitrophenyl esters. These include S，0’ O'-tributyryl-l-thioglycerol (TBTG) 
(Vorderwulbecke et al., 1992) and l,2-(9-dilauryl-rac-glycero-3-glutaric acid-
resorufinester (DGGR) (Vorderwiilbecke et al., 1992), both of which have the 
disadvantage of not being commercially available. 
16 
0 
H3C — (CH2)i4 一 C 一 O N〇2 
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p-nitrophenyl caproate 
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；？-nitrophenol Fatty acid 
Figure 1.8 Structures of the artificial substrates p-nitrophenyl palmitate, /7-nitrophenyl 
caprate and /?-nitrophenyl caproate and the action of lipases (esterases) 
(Vorderwiilbecke et aL, 1992). 
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L 7.2.2 Chain reaction assay 
Another colorimetric assay has also been used to distinguish the activities of 
true lipases from esterases. This assay is based on a chain of enzymic reactions 
commencing with the hydrolysis of a long chain 1,2-diglyceride. Addition of lipases 
to the 1,2-diglyceride, together with appropriate cofactors, will result in degradation 
of the 1,2-diglyceride into 2-monoglyceride and fatty acid. The 2-monoglyceride will 
further react with water and the release of glycerol by the action of a 2-
monoglyceride lipase. The amount of glycerol released is determined by a sequence 
of enzymic reactions. Glycerol will first react with ATP in the presence of glycerol 
kinase to produce glycerol 3-phosphate and ADP. Glycerol phosphate oxidase will 
catalyze the formation of dihydroxyacetone phosphate and hydrogen peroxide from 
glycerol 3-phosphate and oxygen. Hydrogen peroxide will further react with 4-
aminophenazone and 7V-ethyl-A^ -(2-hydroxy-3-sulfopropyl)-m-toluidine (TOOS) by 
the action of peroxidase and produce a violet quinone monoimine dye as product. 
The amount of the violet quinone monoimine dye released can be determined by 
measuring the absorbance at 550 nm (Fossati et al, 1992). The above reaction 
sequences are described in Figure 1.9. 
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lipase 
1,2-Diglycerides + H2O ^ 
(colipase/deoxycholate/Ca^^) 
2-monoglyceride + fatty acid 
2-monoglyceride lipase 
2-Monoglyceride + H2O ^ 
glycerol + fatty acid 
Glycerol kinase 
Glycerol + ATP • 
(EC 2.7.2.30) 
glycerol-3-phosphate + A D P 
glycerol-3-phosphate oxidase 
Glycerol-3-phosphate + O) • 
(EC 1.1.3.21) 
dihydroxyacetone phosphate + H2O2 
peroxidase 
2 H2O2 + 4-aminophenazone + T O O S ^i^TTTT^^ ^ 
quinone monoimine dye + 4 H2O 
Figure 1.9 The reaction sequence for the conversion of 1,2-diglycerides to 
quinone monoimine dye (Fossati et al., 1992). 
19 
1.8. Factors affecting lipase synthesis and secretion 
Extracellular lipases usually appear in the culture medium when the bacterial 
cells reach the end of the logarithmic growth phase and there are many steps 
involved in the secretary pathway. Various environmental factors including 
temperature, pH, nitrogen and carbon sources, the presence of lipase substrates and 
oxygen availability will directly affect the various stages associated with lipase 
production and secretion starting with the transcription of the lipase structural genes, 
translation of the respective m-RNAs and the subsequent secretion of the enzyme 
protein across the membranes. 
Lipase production by Rhizopus delemar C D B B H313 was 1.6-fold higher 
when dextrin replaced glucose as the carbon source (Espinosa et al., 1990). However, 
when the culture medium was supplemented with olive oil, Rhizopus growth was 
suppressed resulting in very high enzyme specific activity. Furthermore, a systematic 
study of the lipase from P. aeruginosa revealed that limitation of carbon and/or 
energy sources increased enzyme production. Lipase biosynthesis was also strongly 
induced by triglycerides. Moreover, long chain fatty acids (e.g. oleic acid) repressed 
lipase production. Optimum conditions for lipase production by P. aeruginosa were 
achieved in a Tween 80-limited continuous culture grown at pH 6.5, 35.5°C at a 
dilution rate of 1.14 h'' (Gilbert et al” 1991). In another species of Pseudomonas, P. 
fluorescens, lipase production was influenced by the concentration of iron-(III) in the 
medium with high iron concentrations repressing lipase synthesis (McKellar et al., 
1987). 
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1.9. Biotechnological applications of lipases 
Research scientists consider lipases to be one of the major industrially-
important enzymes. Annual sales of lipases are valued at US$20 million and 
correspond to about 4 % of the worldwide enzyme market. Although this figure may 
look unimpressive when compared with the market for other hydrolytic enzymes 
such as proteases and carbohydrases (Arbige and Pitcher, 1989), the diversity of the 
current and proposed industrial applications of lipases extends far beyond that of 
proteases or carbohydrases. Furthermore, recent modeling studies and the 
development of genetic modification should allow for improvements in lipase 
activity, stability and specificity (Reetz, 2002; Jaeger and Reetz, 1998). Therefore, 
the significance of lipases hinges on their potential rather than their present level of 
use. In the following section, some of the more promising areas for the future 
application of lipases, together with current industrial uses of the enzymes, will be 
described. These are summarized in Table 1.3. 
1.9.1 Lipases in the dairy industry 
Lipases have been used widely in the dairy industry for the hydrolysis of milk 
fat. Applications include the flavour enhancement of cheeses, acceleration of cheese 
ripening, the manufacture of cheese-like products, and the lipolysis of butterfat and 
cream (Bech, 1992). Free acids are released as products by the action of lipases on 
milk fat and bestow many dairy products, especially soft cheeses, with their specific 
flavour characteristics. Thus, the addition of different lipases will release fatty acids 
of different chain length, and this will impart different flavours to the cheeses. Short-
chain (mainly C4 and C6) fatty acids lead to development of a sharp, tangy flavour, 
while medium-chain (CI2 and CI4) fatty acids impart a soapy flavour to the cheese. 
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Furthermore, the fatty acids also serve as precursors in the synthesis of other 
ingredients such as acetoacetate, P-keto acids, methyl ketones, flavour ester and 
lactones (Godfrey and Hawkins, 1991). 
The traditional sources of lipases for cheese flavour enhancement are animal 
tissues such as pancreatic glands (bovine and porcine) and the pre-gastric tissues of 
young ruminants. More recently, microbial lipases from a wide range of sources have 
also been used including Mucor miehei, Aspergillus niger and Aspergillus oryzae 
(Vulfson, 1994). Table 1.4 describes some selected examples of the use of lipases in 
cheese-making and accelerated cheese ripening. 
Table 1.3 Applications of lipases (taken from Thomson et al； 1999). 
Processing Area Effect utilized Product 
Dairy Hydrolysis of milk fat Flavouring agent for dairy products 
Bakery Improvement of flavour/quality Bakery products 
and extension of shelf life 
Brewing Improvement of aroma and Alcohol beverages 
acceleration of fermentation 
through lipid removal 
Salad dressing Improvement of egg quality by Mayonnaise, dressings and whippings 
lipid hydrolysis 
Meat and fish processing Development of flavour and Meat and fish products 
removal of excess fats 
Food fats and oils Trans-esterification of natural oil Oils or fats, such as formulated 
cocoa butter 
Fine chemical synthesis Synthesis of esters Esters 
Detergents Removal of oil stains/spots and Laundry detergents 
lipids 
Pharmaceutical Digestion of oils and fats in foods Digestive aids 
Medical Blood triacylglycerol assay Diagnostics 
Cosmetic Removal of lipids Cosmetics in general 
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Table 1.4 Selected examples of the use of lipases in cheese making and 
accelerated cheese ripening (taken from Vulfson, 1994). 
Cheese type Lipase source 
Romano 〕 Mucor miehei 
Domiati r Lamb stomach 
Feta -
Mozarella “ 
Parmesan > Calf/kid per-gastric 
Provolone > 
Fontina 
Ras > Mucor miehei 
Romi 一 
Cheddar 、 
Manchego > Aspergillus niger & A. oryzae 
Blue 一 
1.9.2 Lipases in household detergents 
Many microbial lipases have been incorporated into household detergents. 
Detergents make up nearly 32% of the lipase sales (Jaeger and Reetz, 1998) (Table 
1.5) although, so far, the contribution of these enzymes in such products is relatively 
small and still under development. This is mainly due to the lack of availability of 
lipases that exhibit low substrate specificity, are sufficiently stable and active under 
alkaline conditions and with ability to withstand surfactants and enzyme damage 
(Sharma and Gupta, 2001). Fat stains are more easily removed under alkaline 
conditions. Recent screening programmes combined with subsequent genetic 
manipulation have resulted in the first application of a lipase-based detergent, 
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"Lipolase", using an enzyme from the fungus, Humicola lanuginose. The gene 
encoding the enzyme was cloned into Aspergillus niger resulting in a more stable 
lipase suitable for incorporation into detergents (Jaeger et al,. 1994). Overexpression 
of Pseudomonas lipase gene in Escherichia coli also produce a lipase that can be 
used as a hydrolase for detergent additives (Reetz and Jaeger, 1998). An alkaline 
lipase produced by P. alcaligenes M-1 was highly effective in removing fatty stains 
under conditions characteristic of a modern machine wash (Gerritse et al., 1998). 
Table 1.5 Microbial lipases used as additives in household detergents (taken 
from Jaeger et al” 1994). 
Origin of lipase Product name Year of Company 
introduction 
Fungal 
Humicola lanuginose Lipolase 1988 NOVO-Nordisk 
Bacterial 
Pseudomonas mendocina Lumafast 1992 Genenocor 
Pseudomonas alcaligenes Lipomax 1995 Gist-brocades 
(expected) 
Pseudomonas glumae n.a. n.a. Unilever 
Pseudomonas glumae n.a. n.a. Solvay 
Bacillus pumilus n.a. n.a. Solvay 
1.9.3 Lipases in the oleochemical industry 
Lipases have been used in a wide range of applications in the oleochemical 
industry. Millions of tonnes of fats and oils are produced annually worldwide and 
high temperatures and pressures are required for various chemical transformations of 
these materials such as hydrolysis, glycerolysis, acidolysis, trans-esteriflcation and 
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alcoholysis (Ghosh et al., 1996; Berglund and Hutt, 2000). Products generated using 
conventional chemical methods are often unstable and require re-distillation before 
further usage. In order to save energy and minimize thermal degradation, biological 
transformation using enzyme-based methods are preferred rather than the 
conventional chemical processing. One of the first successful commercial 
applications of lipases in the oleochemical industry was the commercial use of lipase 
from C. cylindracea by a Japanese company for the production of soaps. It was 
claimed that the enzymic method yielded a superior product and was cheaper overall 
than the conventional high-pressure and high-temperature process (Macrae and 
Hammond, 1985; Kamini et al” 2000). Moreover, lipase from P. aeruginosa was 
found to be a useful enzyme in the synthetic organic chemistry (Jaeger et al., 1996). 
1.9.4 Synthesis of pharmaceuticals and agrochemicals 
Natural lipases have come under scrutiny from a medical standpoint (Sharma 
et al., 2001; Berglund and Hutt, 2000) since it was observed that malfunction of 
human lipolytic enzymes may be related to arteriosclerosis and obesity. Furthermore, 
it has been showed that mutations in both hepatic and lipoprotein lipase genes may 
be linked to some familial disorders of lipid metabolism (Zygmunt and Alan, 1993). 
Therefore, lipases are thought to have potential for the treatment of such conditions. 
Moreover, lipases have been employed in producing high enantio-selective and high 
operationally-stable biocatalysts (Turner et al., 2001). Lipases were also applied in 
the regio-selective modification of castanospermine for the production of drugs used 
in the treatment of AIDS, and in the synthesis of chiral intermediates for the 
production of anti-cancer and other chemotherapeutic agents. Lipases are also used 
in the production of isopropyl myristate, isopropyl palmate and 2-ethylhexyl 
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palmitate which serve as emollients in personal care products such as skin and suntan 
creams (Vulfson, 1994). Candida antaractica lipase was also used in the synthesis 
of fatty acid diethanolamides that are widely used in shampoos, cosmetics and 
lubricants (Liu et al., 2001). 
1.10. Meioth erm us 
The genus Meiothermus is currently a member of the family Deinococcaceae. 
Bacteria belonging to this genus are gram negative, short rods about l|j,m x 0.5|j.m in 
size that adopt a respiratory mode of metabolism (Chung et al., 1997). They are 
moderately thermophilic bacteria with an optimal growth temperature range of 
between 50 and 65°C. Strains of this genus form red- or pink-pigmented colonies 
which appear to be due to the presence of carotenoids. For example, Meiothermus 
ruber has been shown to produce a series of carotenoid glycoside esters of which the 
major types are l,-P-glucopyranosyl-3, 4，3,，4’-tetra-dehydro-l,，2'-dihydro-p, ij/-
caroten-2-one (Burgess et al., 1999). It is thought that these carotenoids play a key 
role in stabilizing the cytoplasmic membrane of the organism at the higher growth 
temperatures. The pigments may also function in photoprotection. Thermophilic 
bacteria isolated from natural habitats, mainly hot springs that are exposed to 
sunlight are generally pigmented (they contain yellow, orange or red carotenoids) 
(Hoshino et al., 1993; Cossar and Sharp, 1989) whereas those from man-made 
thermal environments that lack illumination are usually non-pigmented (Dharmsthiti 
and Luchai, 1999). 
Meiothermus spp. are commonly found in both natural and man-made 
thermal environments. Natural environments include hot springs and deep-sea 
geothermal vents. These natural environments can exhibit widely different pH values 
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and may have high mineral contents. Meiothermus spp. have also been isolated from 
man-made thermal environments such as effluents from power stations and as 
contaminants in fermenters operated at high temperatures 
(Chung et al, 1997). 
Species of the genus Meiothermus were formerly included in the genus 
Thermus. However, many species originally assigned to the latter have subsequently 
been transferred to Meiothermus following more detailed characterization. For 
example, Thermus ruber, Thermus silvanus and Thermus chliarophilus have been 
renamed Meiothermus ruber, Meiothermus silvanus and Meiothermus chliarophilus, 
respectively (Nobre et al., 1996). Several taxonomic characters are used to 
distinguish Meiothermus from Thermus. Meiothermus spp. have a lower optimal 
growth temperature range (Tenreiro et al., 1995): Thermus spp. grow at 70°C or 
above (Williams and da Costa, 1992) whereas Meiothermus spp. grow optimally 
between 50 and 65°C. Meiothermus spp. also contain moderate levels (10 and 13 % 
of total fatty acids) of 2-hydroxy 1 iso-branched fatty acids and low levels (lower than 
1.5 % of the total fatty acid content) of 3-hydroxyl fatty acids. These compounds are 
absent from Thermus spp. (Chung et al, 1997). Another method for differentiating 
between the two genera is by the behaviour of the polar lipid when subjected to thin 
layer chromatography (TLC). Thermus strains exhibit a single glycolipid band (GL-1) 
whereas Meiothermus strains produce two glycolipid bands (GL-1 a and GL-lb) 
(Ferreira et al., 1999). Although the glycolipid components from both Thermus and 
Meiothermus contain dihexosyl-(N-acyl)glycosaminylglucosyl diacylglycerol, they 
exhibit different mobility due to their varying N-acyl substitution patterns (Ferreira et 
al, 1999). Moreover, 16s ribosomal D N A sequence divergence between the two 
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genera has been shown to be about 14% while there was only 6 % divergence among 
species of Thermus (Rainey et al., 1997). 
Another difference between Meiothermus and Thermus relates to the different 
thermal stabilities of lipases and esterases extracted from members of the two genera 
(Simone et al.’ 2001). Enzymes from Thermus are more heat-stable than the 
corresponding enzymes from Meiothermus (Nobre et al., 1996). Comparative studies 
of these enzymes from mesophilic and thermophilic sources have shown that thermal 
stability was correlated with a high arginine content in the enzyme protein (Merkler 
et al” 1981). An Arg/Lys ratio greater than 1 is often seen in thermophilic organisms 
(Simone et al., 2001). Arginyl groups on the surface of a protein will attract water 
molecules creating a stable hydration shell, which may support the conformation in 
the solvent and help protect against denaturation. It has also been proposed that the 
number of hydrogen bonds and salt bridges will increase with increasing thermal 
stability (Stellwagen and Barnes, 1978; Simone et al,, 2001). These interactions are 
important in maintaining and stabilizing the secondary structure of the protein. A 
comparison of the three-dimensional structure of carboxylesterase from 
Archaeoglobus filgidus (hyper-thermophilic), esterase from Alicyclobacillus 
acidocaldarius (thermophilic) and esterase from Bacillus substilis (mesophilic) (all 
belong to family IV of lipolytic enzymes described in Section 1.5) revealed a slight 
increase in the total number of charged residues, and in the ratio between the 
accessible surface area of polar, charged and hydrophobic residues, according to the 
order of mesophile/ thermophile/ hyper-themiophile (Simone et al, 2001). A similar 
pattern was observed following a statistical analysis of 62 mesophilic and 29 
thermophilic proteins (Simone et al, 2001). At the same time, there was also an 
increase in cation-Ti aromatic interactions and the exposed surface:buried surface 
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ratio of amino acid residues. Moreover, the length of the loop (protein folding of 
amino acid residues) was highly reduced in thermophilic enzymes when compared 
with that of mesophilic enzymes as a result of a deletion of 60 amino acid residues 
(Simone et a/., 2001). 
1.11. Aims of study 
It is reasonable to expect that enzymes from Meiothermus strains would be 
relatively heat-stable compared with corresponding enzymes from mesophilic 
bacteria and therefore would be more widely applicable to industrial processes. 
Reactions catalysed by thermostable enzymes can be carried out at higher 
temperatures that would improve the mass transfer rate, lower the viscosity of 
reaction mixtures, minimize the rink of contamination and result in cost savings due 
to longer storage times and higher activity at high temperatures. I chose to study 
lipases from Meiothermus in view of their potential industrial and biotechnological 
applications. Furthermore, very little research has been conducted on lipases from 
members of this genus. The aims of m y research were: 
1. To examine lipase production by Meiothermus spp isolated from different 
geographical regions in order to determine if any relationships existed between 
lipase production and geographical distribution. 
2. To undertake a more detailed study of lipase production by Meiothermus spp 
isolated from hot-spring environments in Taiwan. 
3. To purify and characterize a lipase from Meiothermus sp. 17R (A Taiwan isolate), 
and to clone and sequence the gene encoding for this enzyme. 
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2. Materials and Methods 
2.1. Microbial strains 
Twenty-nine strains of Meiothermus and fourteen strains of Thermus, all kindly 
provided by Prof. R.A.D. Williams, were included in an initial screening for lipase 
activity. All strains were originally isolated from hot-spring environments in different 
locations worldwide. The Meiothermus strains and their geographical origin are 
shown in Table 2.1. 
The Thermus strains used in this study were all isolated from thermal 
environments in Taiwan and were as follows: 6D, IIY, 12-2, 12-4, 13-S，13-3A, 15-
3B, 15-4A, 15-48,21-1,21-2, 24-2, 36-ID, and 44-ID. 
Bacteria were maintained at 4°C with periodic transfer on a medium consisting 
of: 0.3 % tryptone, 0.1 % yeast extract, 0.1 % L-glutamic acid (sodium salt), 10 % 
(v/v) Castenholtz salts (Ramaley et aL, 1970) and 2 % (w/v) agar. The medium was 
adjusted to pH 7.8 with 1 M sodium hydroxide prior to autoclaving at 121°C for 20 
min. 
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Table 2.1 Geographical origin of Meiothermus spp.. 
































Bacteria were grown in a basal liquid medium containing: 0.1 % yeast 
extract, 0.1 % ammonium nitrate and 10 % (v/v) Castenholtz salts (Ramaley et al, 
1970). The medium was adjusted to pH 7.8 with 1 M sodium hydroxide prior to 
autoclaving at 121°C for 20 min. 
For screening experiments, bacteria were grown in either unsupplemented basal 
medium (40 ml in 150 ml Erlenmeyer flasks) or supplemented with 0.5 % (v/v) olive 
oil emulsion. The emulsion was prepared by sonication (Vibra cell, Sonics and 
Material Inc., Danbury, Connecticut, USA) of 10 ml olive oil in 40 ml basal medium 
using full power for 2 min. Cultures were inoculated with 1ml of a 24-hour culture 
grown on basal medium in the absence of olive oil. After inoculation, the flasks were 
incubated for 48 hours at 55°C for Meiothermus spp. and 65°C for Thermus spp. on 
a rotary shaker operated at 200 rpm. 
For lipase induction experiments, Meiothermus, strains IIR, 17R and 12RB, 
were grown in basal medium (40 ml in 150 ml flasks) for 48 hr after which the 
following sterilised supplements (at 0.2 % , 0.4 % , 0.6 % and 0.8 % concentrations) 
were added individually to the cultures: Tween 20，Tween 80, Triton X-100, gum 
arabic，triolein, olive oil, peanut oil, com oil and canola oil. Triton X-100 is a 
gratuitous inducer and, although incorporated into the assay reaction mixture, is not a 
substrate for the lipase. 
For the preparation of cell-free extracts, bacterial strains were grown in 2 litre 
Erlenmeyer flasks containing 1 litre of basal medium supplemented with 0.2 % (v/v) 
of peanut oil emulsion prepared as described previously. Flasks were incubated at 
55°C for 48 hours on a rotary shaker operated at 150 rpm. Cultures were harvested 
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by centrifugation (22,100 x g), the resultant cell pellet washed twice with 50 m M 
Tris-HCl buffer (pH 8.2), and stored at -20°C until further use. 
For the purification of lipases from Meiothermus strain 17R, cultures were 
harvested after 48 hr incubation and lipase activity determined in both culture fluids 
and cell-free extracts. 
2.3. Preparation of samples for lipase assay 
Bacterial cultures were harvested by centrifugation (20,800 x g for 10 min). 
The supernatant was collected for assay of extracellular lipase and the cell pellet, 
washed once with 50 niM Tris-HCl buffer (pH 8.0) and re-suspended in the same 
buffer, was used to assay cell-associated lipase. 
Cell-free extracts of Meiothermus, strains 1 IR, 17R and 12RB, were prepared by 
suspending cells in 3-volumes of 50 m M Tris-HCl buffer (pH 8.0). The suspension, 
immersed in an ice-water-NaCl freezing mixture, was sonicated (full power) for 30 
sec periods (total 5 min) while the temperature was maintained below 10-15°C. The 
sonicated suspension was centrifuged (48,400 x g) to remove unbroken cells and cell 
debris, and the supernatant fraction used for enzyme assays and for the further 
purification of the lipases. 
2.4. Enzyme assays 
A spectrophotometric assay based on the release of p-nitrophenol from p-
nitrophenyl fatty acid derivatives (Vorderwiilbecke et aL, 1992) was used routinely to 
assay lipase activity in culture supernatants, cell suspensions, and in both crude and 
purified cell-free extracts. In initial experiments, jc»-nitrophenyl palmitate served as 
substrate but was replaced in later experiments by ；?-nitrophenyl caprate after enzyme 
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specificity determinations showed this to be a better substrate for the lipase activities 
under investigation. As a large number of assays were needed in purification, p-
nitrophenyl caporate was used as the assay substrate instead ofp-nitrophenyl caprate. 
The substrate solution consisted of 1 -volume Solution A (8 m M of p-nitrophenyl 
ester in propane-2-ol) added dropwise with mixing to 9-volumes Solution B (2 g of 
Triton X-100 and 0.5 g gum arabic dissolved in 450 ml 50 m M Tris-HCl buffer, pH 
8.2) . 
For the assay using p-nitrophenyl palmitate (PNPP), the reaction mixture 
consisted of 0.9 ml substrate solution and 100 \x\ of enzyme solution, the reaction 
mixtures were incubated at 50°C for 120 min. For the assay using p-nitrophenyl 
caprate (PNPC) and /?-nitrophenyl caporate, the reaction mixture consisted of 0.77 
and 0.75 ml 50 niM Tris-HCl buffer (pH 8.2), 30 and 50 of enzyme solution and 
200 fj,l substrate solution. Both of the reaction mixtures were incubated at 50°C for 
30 min. After terminating the reaction by cooling reaction mixtures in ice, the 
reaction mixtures were centrifuged (20,800 x g) at 4°C for 10 min to remove any 
precipitate. The amount of ;?-nitrophenol liberated was measured by monitoring the 
increase in absorbance at 410 nm (S410 = 151 mmor'cm"^). Enzyme activities were 
expressed as International Units. One enzyme unit is defined as the release of 1 nmol 
ofp-nitrophenol per ml per min (Vorderwulbecke et al, 1992). 
To confirm that the enzyme was actually a lipase (as opposed to an esterase), a 
second assay method, based on the release of glycerol from monolauroylglycerol was 
also used. The reaction mixture contained: 100 0.2 M PIPES-NaOH (pH 7.3), 50 
1^1 0.3 % 4-aminoantipyrine, 50 0.2 % A^ -ethyl-A^ -(2-hydroxy-3-sulfopropyl)-m-
toluidine (TOOS), 50 45 U/ml peroxidase (Sigma chemicals), 25 ix\ 20 m M MgCl2, 
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25 20 m M ATP, 10 |al 25 U/ml glycerol kinase (Sigma chemicals), 15 ^ il 1000 
U/ml glycerol phosphate oxidase (GPO) and 75 ii\ H2O, and 50 of substrate 
solution (10 m M monolauroylglycerol containing 0.5 % Triton X-100). The reaction 
mixture was maintained at 37。C, and the reaction initiated by adding 50 \i\ enzyme 
solution. After incubation at 37°C for 10 min，the reaction was stopped by adding 2.5 
ml 0.5 % SDS solution and the glycerol released was determined by measuring the 
absorbance at 550 nm. One unit of enzyme activity was defined as the amount of 
enzyme that liberates 1 jjrnol of glycerol per min at 37°C under the conditions 
specified (Imamura et al., 2000). 
2.5. Characterization of lipases from selected strains 
Lipases produced by three strains of Meiothermus isolated from Taiwan (strains 
IIR, 17R and 12RB) were selected for further study and the following properties 
determined: 
2.5.1 Optimal pH for lipase activity 
Optimal pH values for the lipase activities from the selected strains were 
determined using /?-nitrophenol caprate as substrate using the assay described in 
Section 2.3. Initially, pH optima were determined over the pH range 3.0 - 10.0 using 
the following buffer systems (50 mM): pH 3-6，citrate-phosphate; pH 6.0 - 8.0, Tris 
maleate; pH 8.0 - 9.0，Tris-HCl; and pH 9 - 10，glycine-NaOH. To determine the 
optima pH more accurately, pH 7.8 - 9.0，Tris-HCl buffer was used. 
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2.5.2 Optimal temperature for lipase activity 
Optimal temperatures for the lipase activities from the selected strains were 
determined using/?-nitrophenyl caprate as substrate over the temperature range 35°C 
to 80*^0 and with 50 m M Tris-HCl buffer, pH 8.2. Reaction mixtures were allowed to 
reach the test temperature before the assay was initiated by addition of substrate. 
2.5.3 Effect of temperature on lipase stability 
The effects of temperature on the stability of the lipase activities of strains IIR, 
17R and 12RB were determined by measuring the residual enzyme activity following 
incubation of cell-free extracts at different temperatures (55, 65, 75 and 85°C) for 15, 
30, 45 and 60 minutes. Residual activity was determined under standard assay 
conditions using /?-nitrophenyl caprate as substrate. 
2.5.4 Effect of pH on lipase stability 
The effects of pH on the stability of the lipase activities of strains IIR, 17R and 
12RB were determined by measuring the residual enzyme activity following 24 
hours incubation of cell-free extracts at different pH values (pH 3-9) at 4 ^C. 
Residual activity was determined under standard assay conditions using p-
nitrophenyl caprate as substrate. 
2.5.5 Substrate specificity 
The ability of the lipases from strains IIR, 17R and 12RB to hydrolyse 
different p-nitrophenyl esters with carbon atom number from Cg to C24 was 
determined. Ten different /?-nitrophenyl esters of fatty acids with particular chain 
lengths were tested (at a final concentration of 8 mM): p-nitrophenyl acetate (C2),p-
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nitrophenyl propionate (C3), ;7-nitrophenyl valerate (C5), ；7-nitrophenyl caproate 
(C6), p-nitrophenyl caprylate (C8), p-nitrophenyl caprate (CIO), p-nitrophenyl 
laiirate (CI2), p-nitrophenyl myristate (CI4), ；?-nitrophenyl palmitate (CI6) and p-
nitrophenyl stearate (CI8). Substrate specificities were determined at pH 8.2 using 
standard reaction mixtures incubated at 50 for 30 min. 
2.6. Purification of lipases I and II from Meiothermus strain 17R 
Bacterial cells were harvested by centrifugation from cultures grown on basal 
medium supplemented with 0.2 % peanut oil and cell-free extracts prepared as 
described in Section 2.3. The lipases activity was determined by the standard assay 
described in Section 2.4 using /^ -nitrophenyl caproate as substrate. 
2.6.1 Pigment removal 
Initial attempts to purify lipase from Meiothermus strain 17R, were 
unsuccessful due to the presence of the red pigment which was released into the cell-
free extract fraction during sonic disruption of the cells. Therefore, this pigment was 
removed as an initial step in the purification using the following procedure: Triton X-
100 (12 % v/v) was added to the supernatant, mixed, and the mixture was allowed to 
stand for 30 minutes at room temperature. Distilled water (1 volume) was added 
together with 40 % (w/v) of sodium chloride. The mixture was allowed to stand for 
another 30 minutes. To improve the separation, the mixture was centrifuged at 
20,800 X g for 15 min. The upper layer containing pigment material was then 
separated and discarded. The upper layer was collected and dialysed overnight at 
4"C against 4 litres of 10 niM sodium phosphate buffer, pH 7.0. The dialysed extract 
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the supernatant was then concentrated by ultrafiltration under nitrogen using the 
Millipore system fitted with a Pellicon membrane (molecular weight cut-off, 10,000 
daltons). Subsequent operations were all carried out at 
2.6.2 DEAE-Sep/tarose column chromatography 
The enzyme solution was applied to a DEAE-Sepharose column (2.5 x 15 cm), 
previously equilibrated with 10 m M phosphate buffer (pH 7.0). After washing with 
80 ml of the same buffer to remove unbound proteins, the lipase was eluted with a 
linear gradient of 0 - 1.0 M NaCl in 100 ml of this buffer at a flow rate of 1.0 ml/min. 
Active fractions were pooled and collected after elution and concentrated to 
approximately 3 ml by ultrafiltration (Millipore, Bedford, USA) as described 
previously. 
2.6.3 Gel filtration ch rom atography 
The concentrated active fractions collected from DEAE-Sepharose column were 
applied to a Sephacryl H R S-100 column (38 x 1.5 cm) pre-equilibrated with 10 m M 
phosphate buffer (pH 7.0). Lipase activity was eluted with the same buffer at a flow 
rate of 0.5 ml/min. Active fractions were pooled and collected after elution and 
concentrated to approximately 1 ml by ultrafiltration (Millipore, Bedford, USA) as 
described previously and a Centriprep YM-10 centrifugal filter device (Millipore, 
Bedford, USA). 
2.6.4 FPLC Mono P chromatography 
The concentrated sample from the Sephacryl H R S-100 column was further 
purified by FPLC using a Mono P H R 5/5 column. The partially purified lipase was 
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applied to a Mono P H R 5/5 column pre-equilibrated with 25 m M piperazine (pH 5.7) 
and the lipase was eluted with a 10-fold diluted Polybuffer 74 (adjusted with HCl to 
pH 4.0) at a flow rate of 1 ml/min. Fractions exhibiting lipase activity and eluting as 
two distinct activity peaks, lipase I and lipase II, were pooled and concentrated 
separately using a Centriprep YM-10 centrifugal filter device (Millipore, Bedford, 
USA) and stored at 4°C. 
2.6.5 Preparative polyacrylamide gel electrophoresis 
The partially purified lipases I and II were mixed separately with one-fourth 
volume of a loading buffer (50 % (w/v) glycerol, 0.05 % (w/v) bromophenol blue 
and 31 % (v/v) 1 M Tris-HCl, pH 6.8 and applied to a 1.5 m m thick 10 % native 
preparative polyacrylamide gel. Electrophoresis of the lipases preparations was 
carried out in a Tris-glycine buffer system (pH 8.3) at 130 volts for 140 minutes. 
After electrophoresis, lipase activity was visualised by suspending a section of the 
gel in 20 ml of PNPC solution (see Section 2.4) at 50。C. Bands of lipase activity 
stained pale yellow after approximately 15 minutes. Since the bands stained with 
activity stain were rather diffuse, gels were also stained with 0.1 % (w/v) Coomassie 
Blue R-250 (Bio Rad, Hercules, CA) in 50 % methanol, 40 % distilled water and 10 
o/o acetic acid in order to locate the lipase proteins more accurately. The bands 
corresponding to lipase activity were then cut out with a razor blade and the protein 
eluted by mincing the gels slices in 5 0 m M Tris-HCl (pH 8.2) with a glass rod. 
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2.7. Purification of lipase III from Meiothermus strain 17R 
2.7.1 Pitenyl-Sepharose chromatography 
Following removal of the red pigment, solid ammonium sulphate was added to 
the cell extract to a final concentration of 1.5 M . Extracts were then applied to a 
Phenyl-Sepharose column (1.8 x 18 cm) pre-equilibrated with 1 M ammonium 
sulphate in lOmM phosphate buffer (pH 7.0). After washing the column with 80 ml 
of the same buffer, a reverse gradient of 1.0 to 0 M ammonium sulphate in 90 ml 
l O m M phosphate buffer (pH 7.0) was applied to remove unwanted proteins. Lipase 
III was eluted by the application of a linear gradient of 0 to 1 % Triton X-100 in 10 
m M phosphate buffer (pH 7.0) at a flow rate of 1.0 ml/min. Active fractions were 
collected, pooled and concentrated to approximately 3 ml by ultrafiltration (Millipore, 
Bedford, USA), followed by storage at 4°C. 
2.8. Other enzyme purification methods used in this study 
In this investigation, the following methods were also used for the purification 
of lipase activity but did not result in significant purification of the lipase proteins 
and were not included in the final protocol adopted. 
2.8.1 Ammonium sulphate fractionation 
Solid ammonium sulphate was added slowly with stirring to cell-free extract 
prepared as described in Section 2.5.3 to achieve 20% saturation. After standing for 
30 min, the precipitate and supernatant was separated by centrifugation (48,400 x g). 
The supernatant was then bought to 40 % and 60 % saturation by repeating the above 
steps. In each case, the pellet was re-suspended in 2-volumes 50 m M Tris-HCl buffer 
(pH 8.2) and the re-suspended material was centrifuged (48,400 x g) to remove any 
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minor residual precipitate. The supernatant was then collected and dialyzed for 8 
hours against 4L of 50 m M Tris-HCl, pH 8.2. 
2.8.2 Cation exchange chromatography 
Crude cell-free extract (1.5 ml) was loaded on to a CM-Sepharose column (1.8 x 
14 cm) pre-equilibrated with one of the following buffer systems: 10 m M sodium 
phosphate buffer (pH 6.0), 10 m M sodium acetate buffer (pH 5.0) and 10 m M 
sodium acetate buffer (pH 4.0). After washing the column with 40 ml of the 
corresponding pre-equilibrate buffer to remove unbound proteins, bound proteins 
were eluted with a linear gradient of 0 to 0.5 M NaCl in 2-column volumes of the 
corresponding pre-equilibration buffer at a flow rate of 0.5 ml/min. 
2.8.3 Heparin-Sepharose affinity chromatography 
Crude extract (1.5 ml) was loaded onto a Heparin-Sepharose column (1.4 x 11 
cm) pre-equilibrated with 10 m M sodium phosphate buffer (pH 7.3) containing 0.15 
M NaCl. After washing the column with 20 ml of the same buffer to remove 
unbound proteins, bound proteins were eluted with a linear gradient of 0.15 to 1.5 M 
NaCl ill 2-column volumes of the same buffer at a flow rate of 0.5 ml/min. 
2.9. Partial characterization of lipases I and II from Meiothermus strain 17R 
2.9.1 Molecular weight determination 
Molecular weights of lipases I and II were determined by SDS-PAGE using 15 
% polyacrylamide gel containing 0.1 % (w/v) sodium dodecyl sulphate in Tris-
glycine (0.123 M tris, 0.959 M glycine), pH 8.3. The sliced gel containing lipase was 
mixed with SDS reducing buffer containing 37.5 % (w/v) glycerol, 0.05 % (w/v) 
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bromophenol blue, 31% (v/v) 1 M Tris-HCl (pH 6.8)，25 % (w/v) 2-mercaptoethanol 
and 10 % (w/v) SDS. Preparations were heated at 95°C for 5 minutes and separated 
by SDS-PAGE. Electrophoresis was continued at a constant voltage of 150 volts for 
120 minutes. The following protein references (Pharmacia) were used as molecular 
weight standards (daltoiis): phosphorylase b (94,000), albumin (67,000), ovalbumin 
(43,000)，carbonic anhydrase (30,000), trypsin inhibitor (20,100) and a-lactalbumin 
(14,400). The molecular weights of the purified lipase proteins were estimated from 
the plot of the logarithm of molecular weight versus mobility. 
2.9.2 Isoelectric point determinations 
Isoelectric points of lipases I and II were determined by isoelectric focusing 
using standard pi markers (Pharmacia, Uppsala, Sweden) and performed with 
Phastgel lEF 3/10 (Pharmacia, Uppsala, Sweden) using the PhastGel system. Bands 
corresponding to lipase proteins were cut from the gels after native PAGE and the 
proteins were eluted from the gel by electroelution. The gels were first minced and 
transferred to 3 ml of Tris-glycine buffer (0.025 M Tris, 0.2 M glycine) contained in 
a dialysis membrane. The dialysis membrane was then connected to the electrodes of 
a protein gel tank containing the same buffer. Electroelution was performed at 100 
volts for 1 hour and the eluted proteins were then dialysed overnight against two 
changes of distilled water. The sample was then concentrated by speed vacuum to 
approximately 2 |LII. The isoelectric points of lipases I and II were determined using 
the following standard pi markers (Pharmacia): amyloglucosidase (pi 3.50), methyl 
red (pi 3.75), trypsin inhibitor (pi 4.55), p-lactoglobulin A (pi 5.20), bovine carbonic 
anhydrase B (pi 5.85), human carbonic anhydrase B (pi 6.55), myoglobin, acidic 
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band (pi 6.85), myoglobin, acidic band (pi 7.35), lentil lectin, acidic (pi 8.15), lentil 
lectin, middle (pi 8.45), lentil lectin, basic (pi 8.65) and trypsinogen (pi 9.30). 
2.10. N-terminal amino acid sequencing of lipases I and II 
To determine the N-terminal amino acid sequences of the lipases separated by 
preparative polyacrylamide gel electrophoresis, lipase proteins were electroblotted on 
to an Immibilon polyvinylidene difluoride (PVDF) Millipore membrane using an 
L K B Multiblot apparatus (BioRad, Hercules, CA) operated at 10 volts for 16 hours. 
The transfer buffer (pH 9.2) consisted of 48 m M Tris base, 39 m M glycine, 0.03 % 
(w/v) SDS and 20 % (v/v) methanol. After blotting, the membrane was stained with 
Coomassie Brilliant Blue R-250 and destained with 50 % methanol and 7 % acetic 
acid followed by 90 % methanol and 10 % acetic acid. The PVDF membrane was 
then rinsed extensively with Milli-Q water and dried with 100 % (v/v) methanol. 
After drying, the N-terminal amino acid sequences of the proteins on the membrane 
strips were determined by Edman degradation performed with a Hewlett-Packard 
G1005A Protein Sequencer coupled to a high-performance liquid cliromatograph 
(Hewlett-Packard, model 1090). 
2.11. Molecular cloning of lipase II 
2.11.1 Isolation of genomic DNA 
Genomic D N A was isolated from 48 hr cultures using the protocol described in 
Maloy (1990). Meiothermus strain 17R, was grown in basal medium at 55°C for 48 
hr. An aliquot (1.5 ml) of the culture was transferred to an Eppendoff tube and 
centrifuged (20,800 x g for 2 minutes). The supernatant was decanted off and any 
residual liquid was drained off. The cell pellet was re-suspended in 467 |J.1 of Tris 
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E D T A buffer by repeated pipetting. After re-suspension was completed, 30 |il 10 % 
(w/v) SDS and 3 |al proteinase K (20 mg/ml) were added and mixed well. The 
mixture was then incubated for 1 hour at 37°C. An equal volume of 
phenol/chloroform (1:1) was added and mixed well by inverting the Eppendorf until 
the phases were mixed completely. The mixture was then centrifuged for 2 min 
(20,800 X g) and the upper aqueous phase transferred carefully to a new Eppendorf 
tube. An equal volume of phenol/chloroform was again added and the procedure 
repeated. A 1/10 volume of 3 M sodium acetate, pH 5.2, and 0.6 volume of iso-
propanol were added and mixed gently until the D N A precipitated. The D N A was 
spooled on to a glass rod, washed by dipping the end of rod into 1 ml of 70 % 
ethanol for 30 seconds, and re-suspended in 100-200 of TE buffer. The quality of 
D N A extracted was confirmed by electrophoresis in 1 % agarose/Tris/EDTA-acetic 
acid gels (4.84 g Tris base, 0.74 ml glacial acetic acid and 0.744 g Na2EDTA.2H20 
in 1 litre). 
2.11.2 Design of degenerate primers 
Two degenerate primers were designed based on the N-terminal sequence of 
lipase II as determined by Edman degradation. The sequence for the forward primer 
was 5= G T N C A R G A N C C N A A Y C T N G A 3= and the sequence for the reverse primer 
was 5= A S C A T N C C R T G N S C Y T T 3= 
2.11.3 PCR amplification of genomic DNA of lip II 
P G R amplification of the genomic D N A of lip II was carried out using a Peltier 
Thermal Cycler 100 (MJ Research, Watertown, M A ) in 15 |al reaction volumes. In 
the reaction mixture, it consisted of 0.3U Taq D N A polymerase, 1.5 [i\ of 10 x Mg-
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free reaction buffer, 0.3 ^il of 10 m M dNTP, 2 [il of 2.5 m M MgCl, 0.6 |al of 10 [iM 
of each degenerate primers and 0.5 ii\ of genomic D N A as template. Amplification 
conditions were: 1 cycle of 94°C for 3 min, 40 cycles of 94°C for 20 sec, 34.9-
55.7°C for 1 min and 72 for 3 min, followed by a final extension at 72 for 10 
min before storage at 4 These amplification conditions ensured there was 
sufficient time for the extension to occur. 
Amplification fragments were fractionated by electrophoresis in 2.5 % 
agarose/Tris EDTA-acetic acid gels. 
Protein determination 
Protein was determined by the method of Bradford (1976) using the Protein 
Determination Kit II (BioRad, Hercules, CA) and bovine serum albumin as standard. 




3.1. Screening of Meiothermus spp. and Thermus spp. 
Using />-nitrophenyl palmitate as substrate, 29 strains of Meiothermus spp. 
were screened for both extracellular and cell-associated lipases activity following 
growth in both the presence and absence of olive oil. In all cases, lipases activity was 
detected in the extracellular culture fluid and found to be associated with the 
bacterial cells (Fig. 3.1). The bulk of the lipase activity was cell-associated in all the 
strains tested except in the case of strain 16106. This strain also produced the highest 
titers of extracellular enzyme in both oil-supplemented and unsupplemented cultures, 
while highest levels of cell-associated lipase activity were observed in oil-
supplemented cultures of strain Sm55. 
The response of the different strains to growth in oil-supplemented cultures 
varied. The results were subjected to one-way A N O V A . Cell-associated lipase 
activity was significantly higher in oil-supplemented cultures of 1IR, 16102, 16106, 
16060，16064，Sm55, 16236, 16103, 16107, 12RB, U4R and 15524 compared with 
unsupplemented cultures, while the opposite was true in cultures of 17R, 16210, S4r, 
16220, 16063, 16110 and Sm54 (Fig. 3.1). In most cases, oil supplementation made 
no difference to either cell-associated or extracellular lipase levels (Fig. 3.1). 
The Meiothermus spp. examined in this study included three new strains (1IR， 
17R and 12RB) recently isolated from the hot springs in Taiwan. Since little research 
had been conducted on these strains, they were selected for further study even though 
the initial screening showed they were not the most prolific producers of lipase 
activity. 
Fourteen strains of pigmented Thermus spp. were also screened for both 
extracellular and cell-associated lipase activity following growth in both the presence 
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and absence of olive oil using p-nitrophenyl palmitate as substrate. Lipase activity 
was detected in both extracellular culture fluid and found to be associated with the 
bacterial cells (Fig. 3.2). In all cases, most of the lipase activity was cell-associated. 
The highest levels of both extracellular and cell associated lipase activity were 
observed in unsupplemented cultures of strain 6D. 
Thermus strains responded differently in oil-supplemented cultures from 
Meiothermus strains. No significant increase was observed when Thermus cultures 
were supplemented with oil, while significant inhibition of lipase production was 
observed in oil-supplemented cultures of strains 21-1, 21-2, 12-3A, 13-S and 15-4B. 
The cell-associated lipase activity of strains 21-1 and 21-2, and the extracellular 
lipase activity of strains 12-3A, 13-S and 15-4B, were inhibited by oil 
supplementation. In all other cases, oil supplementation made no significant 
difference to either cell-associated or extracellular lipase levels (Fig. 3.2). 
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Figure 3.1 Screening of 29 strains of Meiothermus for extracellular and cell-
associated lipase production in olive oil-supplemented and non-
supplemented cultures. 
• - extracellular lipase, • - extracellular lipase in cultures 
supplemented with olive oil, 口 - cell-associated lipase, • - cell-
associated lipase in cultures supplemented with olive oil. Values 
represent the mean of three replicate cultures. Error bars are the 
standard deviation. 
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Figure 3.2 Screening of 14 strains of Thermus for extracellular and cell-
associated lipase production in olive oil-supplemented and non-
supplemented cultures. 
因-extracellular lipase, • - extracellular lipase in cultures 
supplemented with olive oil, • - cell-associated lipase, • - cell-
associated lipase in cultures supplemented with olive oil. Values 
represent the mean of three replicate cultures. Error bars are the 
standard deviation. 
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3.2. Characterization of selected strains 
3.2.1 Optim um pH 
The optimum pH for the lipase activity of the selected strains was measured 
using cell-free extracts under standard assay conditions (p-nitrophenyl caprate as 
substrate) over the pH range 3.0 to 10.0 using four different buffer systems. The pH 
optimum for the lipase from strain 1IR was 8.6 (Fig. 3.3) while the pH optimum for 
lipase activity in strains 17R and 12RB was 8.2 (Figs. 3.4 and 3.5). Data relating to 
pH 10.0 was not shown since very high background absorbance readings in controls 
raised doubts about the validity of such data. 
3.2.2 Optimum temperature 
The optimum temperature for the lipase activity of the selected strains was 
measured using cell-free extracts under standard assay conditions (p-nitrophenyl 
caprate as substrate) over the temperature range 35 to 80°C and in 50 m M Tris-HCl 
buffer adjusted to the optimum pH as determined previously. The optimum 
temperature for the lipase activity from strain IIR was 70°C (Fig. 3.6) while the 
optimum temperature for the lipase activity from strains 17R and 12RB was 75°C 
(Figs. 3.7 and 3.8). However, since there was only a 10 % difference in the enzyme 
rate at 75。C compared with 50°C, the latter temperature was routinely adopted in 
view of the additional technical difficulties of running assays at 75°C. 
3.2.3 Relationship between the release of p-nitrophenol from p-nitrophenyl 
caprate and enzyme concentration under standard assay conditions 
A linear relationship was obtained between the release of p-nitrophenol from 
/?-nitrophenyl caprate and the amount of cell-free extract from Meiothermus, strain 
17R under standard assay conditions (pH 8.2, 50。C，30 minutes) (Fig. 3.9). 
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Figure 3.3 Optimal p H for lipase activity from Meiothermus strain IIR. 
The following buffers were used; citrate phosphate, pH 3.0-6.0; Tris-
maleate, pH 6.0-8.0; Tris-HCl, pH 8.0-9.0. Values represent the mean 
of three replicates. The 100% value is equivalent to 2.7 U of enzyme 
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Figure 3.4 Optimal p H for lipase activity from Meiothermus strain 17R. 
The following buffers were used; citrate phosphate, pH 3.0-6.0; Tris-
maleate, pH 6.0-8.0; Tris-HCl, pH 8.0-9.0. Values represent the mean 
of three replicates. The 100% value is equivalent to 2.6 U of enzyme 
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Figure 3.5 Optimal p H for lipase activity from Meiothermus strain 12RB. 
The following buffers were used; citrate phosphate, pH 3.0-6.0; Tris-
maleate, pH 6.0-8.0; Tris-HCl, pH 8.0-9.0. Values represent the mean 
of three replicates. The 100% value is equivalent to 2.7 U of enzyme 
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Figure 3.6 Optimal temperature for lipase activity from Meiothermus strain 
IIR. 
Values represent the mean of three replicates. The 100% value is 
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Figure 3.7 Optimal temperature for lipase activity from Meiothermus strain 
17R. 
Values represent the mean of three replicates. The 100% value is 
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Figure 3.8 Optimal temperature for lipase activity from Meiothermus strain 
12RB. 
Values represent the mean of three replicates. The 100% value is 
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Figure 3.9 Relationship between the release of p-nitrophenol (from p-
nitrophenyl caprate) and enzyme concentration under 
standard assay conditions. 
The error bars represented the standard deviation. 
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3.2.4 Effect of pH on lipase stability 
The effect of pH on the stability of lipases from Meiothermus strains IIR, 
17R and 12RB was determined by incubating aliquots of the respective cell-free 
extracts at 4°C for 24 hours in buffers adjusted to various pH values over the range 
3.0-9.0. Residual activity was then measured under standard assay using p-
nitrophenyl caprate as substrate. All three lipase activities were relatively stable (Figs. 
3.10, 3.11 and 3.12). After treatment, the maximum recorded inactivation of strain 
1IR lipase was 15% (85% retention of activity) (Fig. 3.10) and up to 10% in the case 
of the lipase activities from strains 17R and 12RB (Figs. 3.11 and 3.12). Data 
relating to enzyme stabilities at pH 3.0 are not shown since very high background 
absorbance readings in controls raised doubts about the validity of such data. 
3.2.5. Temperature stability of lipases from Meiothermus strains IIR, 17R and 
12RB 
The temperature stability of lipases from Meiothermus strains IIR, 17R and 
12RB was determined by incubating aliquots of the respective cell-free extracts at 
different temperatures over the range 55 - 85°C for different time periods. Residual 
activity was then measured under standard assay using /?-nitrophenyl caprate as 
substrate. 
Lipases from all three strains were relatively stable to incubation for 1 hr at 
temperatures up to and including 65°C (Figs. 3.13，3.14 and 3.15). Approximately 90 
% of the original activity remained after 60 minutes incubation at 65°C in the case of 
the lipases from Meiothermus strains 17R and 12RB, and about 80% in the case of 
strain 1 IR (Figs. 3.13, 3.14 and 3.15). Lipases from all three strains were inactivated 
50% and 〜90% after 15 min incubation at 75。C and 85。C, respectively (Figs. 3.13, 
3.14 and 3.15). 
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3.2.6 Substrate specificity 
The substrate specificity of both extracellular and cell-associated lipases from 
Meiothermus, strains IIR, 17R and 12RB was determined using ten different p-
nitrophenyl esters (Figs. 3.16, 3.17, 3.18). All three cell-associated lipases exhibited 
relatively high hydrolytic activity on substrates with 12-20 carbon atoms with the 
highest activity recorded with the pNP ester of C-10. pNP esters of fatty acids with 
chain lengths of 5 and 6 carbons were also hydrolysed to a considerable degree but 
much lower activity was recorded with substrates containing chain lengths of 2, 3 
and 18 carbons (Figs. 3.16, 3.17, 3.18). Lipases present in the culture fluid exhibited 
highest hydrolytic activity on /^ -nitrophenyl valerate (C-5) and /?-nitrophenyl 
caproate (C-6) in the case of strains 12RB and 17R (Figs. 3.17 and 3.18). Since 
lipase activity was much higher on /?-nitrophenyl caprate (C-10) compared to p-
nitrophenyl palmitate (C-16) used in the earlier studies, the former substrate was 
subsequently adopted for the standard assay. 
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Figure 3.10 Stability of lipase activity from Meiothermus strain IIR to 
different p H values. 
• , Citrate phosphate; • , Tris-maleate; A ，Tris-HCl. 
Values represent the mean of three replicates. The initial activity 
recorded at pH 8.2 (Tris-HCl) represents the 100% value. The error 
bars represented the standard deviation. 
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Figure 3.11 Stability of lipase activity from Meiotherms strain 17R to different 
p H values. 
• , Citrate phosphate; • , Tris-maleate; A , Tris-HCl. 
Values represent the mean of three replicates. The initial activity 
recorded at pH 8.2 (Tris-HCl) represents the 100% value. The error 
bars represented the standard deviation. 
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Figure 3.12 Stability of lipase activity from Meiothermus strain 12RB to 
different pH values. 
• , Citrate phosphate; • ，Tris-maleate; • , Tris-HCl. 
Values represent the mean of three replicates. The initial activity 
recorded at pH 8.2 (Tris-HCl) represents the 100% value. The error 
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Figure 3.13 Temperature stability of lipase activity from Meiothermus strain 
IIR. 
Cell-free extract was incubated at different temperatures for different 
time periods and the remaining activity determined. x—，55°C; • ，  
65 75 ""•""，85 Values represent the mean of three 




i 助 v ^ . — . : 
• • 
0 ‘ ‘ ‘ 
0 15 30 45 60 
Incubation time (min) 
Figure 3.14 Temperature stability of lipase activity from Meiothermus strain 
17R. 
Cell-free extract was incubated at different temperatures for different 
time periods and the remaining activity determined, ，55°C; • , 
65 75。C; — 8 5 °C. Values represent the mean of three 
replicates. The error bars represented the standard deviation. 
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Figure 3.15 Temperature stability of lipase activity from Meiothermus strain 
12RB. 
Cell-free extract was incubated at different temperatures for different 
time periods and the remaining activity determined. — 5 5 ° C ; • , 
65。C; 75 — , 85 Values represent the mean of three 
replicates. The error bars represented the standard deviation. 
65 
4 r    
『.； / ^ ^ 
I 1 =；Xl； 
r : \ -
0.5 ^ / r^izr： ‘…― 
0 i i 1 i 1 i i 1 1  
2 3 5 6 8 10 12 14 16 18 
N u m b e r of carbons in fatty acid 
Figure 3.16 Substrate specificity of lipase from Meiothennus strain IIR. 
• ，cell-associated lipase; — , extracellular lipase. 
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Figure 3.17 The substrate specificity of lipase from Meiothermus strain 17R. 
• ，cell-associated lipase; •，extracellular lipase. 
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Figure 3.18 The substrate specificity of lipase from Meiothermus strain 12RB. 
• ，cell-associated lipase; •，extracellular lipase. 
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3.2.7 Effect of culture supplementation on lipase production 
Nine different supplements were tested at five different concentrations for 
possible induction of lipase by the selected strains of Meiothermus. These were 
Triton X-100, Tween 80, Tween 20, gum arabic, triolein, olive oil, com oil, peanut 
oil and canola oil. 
Large increases in extracellular lipase activity were observed in cultures 
supplemented with Triton X-100 and Tween compounds. However, supplementation 
had very little effect in most cases involving cell-associated lipase production (Table 
3.1). Cultures of Meiothermus strain 17R，supplemented with 0.2 % (v/v) peanut oil 
exhibited an increase in cell-associated lipase activity of up to 27 % after 2 days 
incubation. 
Since highest lipase activities were recorded with Meiothermus strain 17R, 
further studies on this enzyme were undertaken. 
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Table 3.1 Effect of culture supplementation on lipase production by 
Meiothermus strains IIR, 17R and 12RB. 
Supplement 
Triton Tween Tween G u m _ . , . 〜 Corn Peanut Canola 、 ， o n -A . . Triolein Olive oil  
X-100 80 20 arabic oil oil oil 
0.6% 0.8% 0.8% 0.8% 0.6% 0.2% 0.2% 0.2% 0.8% 
(也）557-(3) 1042-(3) 629-(3) 174-(3) 151-(3) 164-(2) 109-(1) 135-(1) 161-(3) 
IIR 
0.8% 0.2% 0.2% 0.2% 0.8% 0.2% 
( C ) X X 入 lii-(3) 106-(3) 103-(3) 112-(3) 119-(2) 107-(2) 
0.8% 0.8% 0.6% 0.6% 0.2% 0.2% 0.2% 0.6% 0.4% 
(L) 700-(l) 1164-(1) 818-(1) 146-(3) 137-(1) 106-(2) 141-(3) 142-(3) 159-(3) 
17R 
0.4% 0.2% 0.6% 0.2% 0.2% 0.2% 0.4% 
( C ) X h 4 - ( 1 ) 115-(1) 125-(1) 1 2 0 -⑴ 121-(3) 127-(2) 114-(2) 
0 . 8 % 0 . 8 % 0 . 4 % 0 . 6 % 0 . 2 % x X X Y 
( t ) 220-(2) 415-(3) 213-(1) 224-(3) 164-(3) 入 入 入 
12RB 
0 . 2 % 0 . 6 % 0 . 4 % 0 . 2 % 0 . 2 % 0 . 2 % 
( C ) X A A ii2-(\) 125-(1) 120-(2) 118-(1) lll-(l) 120-(1) 
Values shown represent lipase activity expressed as a percentage of the activity 
observed in non-supplemented cultures (100%). 
Number in parentheses indicates age of culture in day. 
(E) - Extracellular lipase activity 
(C) - Cell-associated lipase activity 
(X) - No induction was observed 
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3.3. Purification of cell-associated lipase activity from Meiothermus strain 17R 
3.3.1 Ammonium sulphate fractionation 
Ammonium sulphate fractionation was adopted in preliminary attempts to 
purify cell-associated lipase activity from Meiothermus strain 17R (Table 3.2). 
However, as seen from the distribution of lipase activity among the various fractions, 
this method proved to be ineffective as a purification step. 
Table 3.2 Ammonium sulphate precipitations 
Ammonium sulphate precipitation 
^ 40% 6 0 % >60% 
Total protein (mg) 2.2 2.7 23.4 21.3 
Total unit (lU) 4.5 3.3 9.6 20.4 
Specific activity (lU/mg) 2.1 \2 OA 1.0 
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3»3.2 Purification of lipase I and lipase II using column chromatography 
At least three proteins exhibiting lipase activity were isolated from cell-free 
extracts of Meiothermus, strain 17R, using two purification approaches. Cell-free 
extracts were first extracted with Triton X-100 (12 % v/v) and sodium chloride (40 
% w/v) to remove pigment material which interfered with the binding of the proteins 
to ion-exchangers. 
After removal of pigments，lipase activity was separated from other proteins 
using anion exchange chromatography (Fig. 3.19). Most of the lipase activity bound 
to the DEAE-Sepharose with 10 m M phosphate buffer (pH 7.0). Lipase proteins 
were eluted from the column using 0.6 M sodium chloride in 10 m M phosphate 
buffer (pH 7.0) resulting in a 3.7-fold increase in specific activity. Pooled active 
fractions were further separated from unwanted proteins on a Sephacryl H R S-100 
column (Fig. 3.20) with 10 m M phosphate buffer (pH 7.0). A single peak fraction 
containing lipase activity was collected and further purified by FPLC using a Mono-
P H R 5/5 column (Fig. 3.21). Bound lipase activity was eluted with 10-fold diluted 
Polybuffer 74 (adjusted with HCl to pH 4.0) and separated into two fractions (lipase I 
and lipase II). The two eluted fractions were further purified by native PAGE. 
Protein bands showing lipase activity were located by activity staining with PNPC 
and cut from the gel (Fig. 3.22). Protein material was eluted from the cut gel samples 
and subjected to SDS-PAGE. Each sample produced a major protein band with 
similar molecular weight (〜80-85 kDa) and several minor bands (Fig. 3.23). A total 
of seven bands were observed for lipase I with apparent molecular mass of 82 kDa, 
75.1 kDa, 55.9 kDa, 53.3 kDa, 46.9 kDa, 33.6 kDa and 16.1 kDa. For lipase II，seven 
protein bands were observed with apparent molecular weights of 85.3 kDa, 75.7 kDa, 
61.5 kDa, 58.7 kDa, 54.2 kDa, 46.2 kDa and 44.7 kDa. Some lipase activity was also 
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detected in the fraction which did not bind to the Mono-P column but was not 
purified further. The final specificity activity of partially purified lipase I and lipase 
II were increased by 14.9 and 2.7 fold with a 3.7 and 2.1 % recovery respectively. 
The results of purification of lipase I and lipase II are summarized in Table 3.3. 
Lipase I produced a homogenous band on isoelectric focusing (Fig. 3.24) 
with an isoelectric point of 4.6. 
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Figure 3.19 Separation of lipase I and lipase II from Meiothermus strain 17R 
using DEAE-Sepharose. 
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Figure 3.20 Separation of lipases from Meiothermus strain 17R using 
Sephacryl H R S-100. 
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Figure 3.21 Separation of lipase I and lipase II from Meiothermus strain 17R 
using F P L C and a Mono-P H R 5/5 column. 
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Table 3.3 Summary of the purification of lipase I and lipase II from 
Meiothermus, strain 17R. 
Purification Step protdn T o t ^ n k s 丨ion ^jeid ⑷ 
(mg) (U/mg) ac or  
Crude extract 120 21.7 0.2 1 100 
Pigment removal 14.8 10.3 0.7 3.9 47.5 
DEAE-Sepharose 
chromatography 9.3 6.3 0.7 3.7 28.8 
Sephacryl S-100 
chromatography 3.9 2.8 0.7 3.9 12.8 
F P L C M o n o P H R 
5/5 
peak 1 0.3 0.8 2.7 14.9 3.7 
peak 2 ^ 2.1 
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Figure 3.22 Native-PAGE (stained with Coomassie blue R-250) of various 
fractions generated during the procedure used to purify lipase I 
and lipase II from Meiothermus strain 17R. Lipase I and II were 
located by staining with PNPC. 
Lane 1, crude extract; Lane 2, pigment removal; Lane 3 DEAE-
Sepharose column chromatography; Lane 4，Sephacryl S-100 
chromatography. Lanes 5 & 6，unbound fraction after FPLC Mono P 
h r 5/5; Lanes 7 & 8’ lipase I from FPLC Mono P H R 5/5; Lane 9 & 
10, lipase II from FPLC Mono P H R 5/5. 
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Figure 3.23 Determination of the apparent molecular mass of lipase I and 
lipase II by SDS-PAGE. 
Lane 1，marker; lane 2，crude extract; lane 3 & 4, lipase I; lane 5, 
lipase II. 
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Figure 3.24 Determination of isoelectric point of lipase I. 
Lanes 1 & 3, pi markers; lane 2, lipase I. 
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3.3.3 Purification of lipase III 
Another third lipase was purified using hydrophobic column chromatography. 
Following pigment removal, cell extracts were applied on to a Phenyl-Sepharose 
column with 1 M ammonium sulphate in lOmM phosphate buffer (pH 7.0). Bound 
lipase activity could not be eluted using a reverse gradient of ammonium sulphate but 
was eluted with 1 % Triton X-100 (Fig. 3.25). The specificity activity of the partially 
purified lipase III was increased 6.6-fold with a 5 % recovery. A summary of the 
purification of lipase III is shown in Table 3.4 and Figure 3.26. 
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Figure 3.25 Separation of lipase III from Meiothermus strain 17R using 
Phenyl-Sepharose. 
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Table 3.4 Summary of the purification of lipase III from Meiothennus strain 
17R. 
n 4- c^ Total protein Total units Purification . 
Purification Step ^ M y factor Yield (%) 
b 、， (lU/mg) 
Crude extract 119.8 21.7 0.18 1 100 
Pigment removal 14 3 10.3 0.7 3.9 47.5 
Phenyl-Sepharose 
chromatography 0.9 1.18 1.29 6.6 5.0 
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Figure 3.26 S u m m a r y of purification steps of lipase III on native P A G E 
(stained with Coomassie blue R-250). Lipase III was located by 
staining with P N P C . 
Lane 1, crude extract; Lane 2, pigment removal; Lane 3, 
phenyl-sepharose column chromatography. 
84 
3.4. N-terminal amino acid sequencing of lipase I and lipase II from 
Meiothermus strain 17R. 
To facilitate the design of primers for the isolation of the c D N A of lipase I 
and lipase II，the N-terminal amino acid sequences of the major protein bands 
obtained from lipase I and lipase II by SDS-PAGE were sequenced by automated 
Edman degradation. The N-terminal amino acid sequence of lipase I was N-
A E K L F G K A M K R V E D P R F I T G T G N Y T and the N-terminal amino acid sequence of 
lipase II was N-A/R/KVQAPNLEQ/R/PKGKAMKG/AHGMV/L (“/，’ is sued to 
signify residues that could not be accurately determined). The N-terminal amino 
acids sequence of lipase III was not determined as the amount of protein collected 
after purification was insufficient. A BLAST search failed to reveal any homology 
between either lipase I and lipase II and previously described lipases from other 
sources. However, the N-terminal amino acid sequence of lipase I showed high 
homology with the amino acid sequences of carbon monoxide dehydrogenases from 
a number of bacteria including Oligotropha carboxidovorans, Pseudomonas 
thennocarboxydovorans, Sulfolobus solfataricus, Sulfolobus tokodaii, 
Mycobacterium tuberculosis and Hydrogenophaga pseudoflava. In view of the 
possibility that lipase I was not a lipase but a carbon monoxide dehydrogenase, 
further characterization was carried out on lipase 11. 
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3.5. Molecular studies of lipase II from Meiothermus strain 17R 
3.5.1 Extraction of gen om ic DNA 
Genomic D N A was extracted from a pre-grown cell culture and the quality of 
D N A confirmed by electrophoresis in 1 % agarose/Tris EDTA-acetic acid gels (Fig. 
3.27). A single compact band without smearing and representing the genomic D N A 
was obtained. The concentration of the extracted D N A was approximately l|Lig/|j,l. 
The two fainter bands represented plasmid D N A and super coiled plasmid D N A . 
3.5.2 Clonin g of a fragment encoding part of lipll 
The N-terminal amino acid sequence of lipase II was used to design 
degenerate primers for PCR. After PCR using the forward and backward primers 
described in Section 2.11.2，no observable band was observed on electrophoresis in 
2.5 % agarose/Tris EDTA-acetic acid gel even though large amounts of PCR 
products were loaded into the wells (Fig. 3.28). No protein-DNA binding appeared to 
have taken place. The brightness seen around the origin wells was also observed 
when no D N A was loaded and is thought to be the result of incomplete de-staining of 
the ethidium bromide. 
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Figure 3.27 Electrophoresis of extracted D N A in 1 % agarose/Tris EDTA-
acetic acid gel. 
Lane 1 & 4, 3 D N A ; Lane 2 & 5，2 D N A ; Lane 3 & 6, 1 
D N A . 
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Figure 3.28 Electrophoresis of PGR products (15 |al) in 2.5 % agarose/Tris 
EDTA-acetic acid gels. 
Lane 1，PGR product at 34.9°C; Lane 2, PGR product at 35.2°C; 
Lane 3, PGR product at 36.3°C; Lane 4, PGR product at 38.0°C; 
Lane 5, PGR product at 40.3°C; Lane 6，PGR product at 42.9°C; 
Lane 7，PGR product at 45.7°C; Lane 8, PGR product at 48.4°C; 
Lane 9, PGR product at51.0°C; Lane 10，PGR product at 53.2°C; 
Lane 11，PGR product at 54.8°C; Lane 12, PGR product at 55.7°C; 
Lane 13，50bp PGR ladder. 
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4. Discussion 
4.1. Screening oi Meiothermus spp. and Thermus spp. 
Meiothermus is a comparatively newly recognized genus and relatively few 
characterisation studies have been carried out on species assigned to this group. Most 
of the enzymes described from Meiothermus spp. are relatively thermostable and 
thereby have considerable potential for use in industry and biotechnological 
processes. Many lipases have been studied from both mesophiles and thermophiles, 
and most of these enzymes are extracellular and secreted into the culture medium 
(Taipa et al., 1992). Extracellular lipases have been reported from Pseudomonas spp. 
(Gilbert et al., 1991; Stuger et al, 1986), Bacillus spp. (Sugihara et al, 1991; 
Dharmsthiti and Luchai, 1999; Nawani and Kaur, 2000), and Candida spp. (Pemas et 
al., 2000). However, cell-associated lipases are produced by Bacillus sp. H-257 
(Imamura and Kitaura, 2000) and Burkholderia sp. YY62 (Yeo et al, 1998). Both 
these bacteria produced lipases that are associated with the cell wall or cell 
membrane. In the present study involving 29 strains of Meiothermus and 14 strains 
of Thermus, most of the lipase activity was cell-associated. Only one strain of 
Meiothermus (strain 16160) produced higher levels of extracellular lipase. 
Several strains exhibited higher levels of cell-associated lipase activity when 
the growth medium was supplemented with olive oil suggesting a degree of enzyme 
inducibility. However, it is not clear if the observed increase in enzyme activity was 
due to enhanced levels of the constitutive form of the lipase or resulted from the 
biosynthesis of a separate inducible enzyme species. In contrast, some strains 
exhibited lower levels of cell-associated lipase activity in oil-supplemented cultures 
compared with unsupplemented cultures. Lipase production by Saccharomycopsis 
sp., Bacillus licheniformis, Staphyococcus sp., Mucor caseiolytcus and Penicillium 
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roqueforti was also found to be lower in oil-supplemented cultures compared with 
unsupplemented cultures (Ghosh et al” 1996). This observation is difficult to explain 
but may be due to the impurities presence in the olive oil that inhibited the lipase 
activity (Kim et al, 1984). It may also the result of the oil binding to the enzyme 
which, as a consequence, is released from the bacterial surface into the culture fluid. 
Alternatively, the oil may be tightly bound to the enzyme molecules on the surface of 
the bacterial cell, preventing access of the p-nitrophenyl substrate during the enzyme 
assay. No clear patterns were evident among Meiothermus strains isolated from 
Iceland in terms of induction and inhibition by olive oil, whereas similar induction 
and inhibition patterns were observed with the two strains isolated from the Azores 
(Sm54 and Sm55). In the case of the three strains isolated from Taiwan, lipases were 
induced in strains 1IR and 12RB but production was inhibited in strain 17R. 
However, the lipases from these three species show similar physicochemical 
characteristics (see following section). 
4.2. Characterization of lipases from Meiothermus IIR, 17R and 12RB 
A more detailed study was undertaken on the lipases produced by three 
Meiothermus strains, 1 IR, 17R and 12RB. These three strains were all isolated from 
hot-spring environments in Taiwan and all produced lipases with similar 
characteristics such as pH and temperature optima, pH and temperature stability, and 
substrate specificity towards a range of ；?-nitrophenyl fatty acid derivatives. The 
biochemical characteristics of these lipases were also very similar with thermostable 
lipases from other sources. 
The optimal pH values for cell-associated lipase activity produced by 
Meiothermus, strains IIR, 17R and 12RB were 8.6, 8.2 and 8.2, respectively. These 
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values are considerably higher than pH optima reported for many other bacterial 
lipases. For example, the pH optimum of Burkholderia sp.YY62 lipase was 7.0 (Yeo 
et al., 1998) while a lipase produced by Bacillus thermocatenulatus exhibited 
maximal activity over the pH range 7.5 - 8.0 (Schmidt-Dannert et al, 1994). 
Moreover, cell-associated lipase activity produced by Meiothermus strains 1 IR, 17R 
and 12RB showed relatively high stability towards different pH values (pH 4 - 9). A 
similar observation was made with extracellular lipase produced by Cryptococcus sp. 
S-2 which was stable over the pH range 5.0 - 9.0 (Kamini et al., 2000). Lipase from 
Penicillum simplicissimum was stable only over the pH range, 5.0 - 7.0 (Sztajer et aL, 
1992). An alkaline pH optimum will facilitate electrostatic repulsion according to the 
electrostatic catapult repulsion model (Petersen et al, 2001) described in Section 1.2 
and thereby result in an increase in lipase activity. Furthermore, fat stains are more 
easily removed under alkaline conditions (i.e. saponification) and therefore an 
alkaline pH optimum would make these lipases more attractive to the detergent 
industries. This applies even more so in view of the relatively high stability of the 
lipase activities under alkaline pH conditions 
Temperature activity profiles revealed that the lipases from the Meiothermus 
strains had optimal temperatures of ~75°C with relative high enzyme activities 
observed over the temperature range 45-80°C. This compares with previously 
reported temperature optima of 55-60°C for a purified lipase from Pseudomonas 
cepacia (Sugihara et al., 1992), 55°C for lipases from a Bacillus sp. and 
Pseudomonas aeruginosa M B 5001 (Gowland et al., 1987; Chartrain et al” 1993), 
60-65°C for a purified lipase from Bacillus stearothermophilus LI (Kim et al； 1998), 
and 60-70°C for a lipase from Bacillus thermocatenulatus (Schmidt-Dannert et al, 
1994). Analyses of the lipases studied here also showed them to be relatively 
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thermostable. The lipase activities from all three strains were only little affected 
following incubation for 1 hr at temperatures up to and including 65。C. Only 10% of 
the original activity was lost after 60 min incubation at 65°C in the case of the lipases 
from Meiothermus strains 17R and 12RB, and about 20 % in the case of strain H R . 
However, the lipases were inactivated by 50% and -90% after 15 min incubation at 
75°C and 85°C, respectively. This degree of thermal stability compares well with that 
reported for lipases from other sources. Lipases from Pseudomonas and Bacillus 
strains have been reported to be relatively thermostable (Nawani and Kaur, 2000; 
Imamura et al., 2000 and Sugihara et al., 1992) with all the activity retained after 
incubation for between 10-150 min at temperatures over the range 60-75。C. A lipase 
from Bacillus sp. J33 was reported to be stable to 150 min exposure at 70。C (Nawani 
and Kaur, 2000). Imamura and Kitaura (2000) also reported that a lipase from 
Bacillus sp. H-257 was stable to 10 minutes incubation at temperatures up to and 
including 60。C. However, inactivation readily occurred at temperatures above 60。C. 
Purified lipase from Pseudomonas cepacia was also shown to be stable to 30 min 
exposure at temperatures up to 75。C (Sugihara et al., 1992). Lipase from 
Lactobacillus plantarum was very thermostable with only 10% of the original 
activity lost after heating at 100°C for 30 min (Lopes et al., 2002). Temperature 
optima have been linked to single amino acid residues. Mutation of the Glu 218 
residue with Val in the lipase from Rhizopus niveus resulted in a higher optimum 
temperature for lipase activity (Kohno et al., 2001). High temperature optima and 
heat stabilities make such lipases potentially useful for the treatment of the hot, oily 
wastes and grease traps associated with Chinese restaurant operations in Hong Kong 
and elsewhere in Asia. Large quantities of such effluents are generated and their 
disposal represents a major environmental problem. Treatment of these effluents with 
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thermostable lipases before disposal would be more environmentally friendly and 
would also reduce the cost of disposal incurred by the restauranteurs. One successful 
study has shown that pancreatic lipase can hydrolyse and reduce the size of fat 
particles and can be used in the pre-treatment of wastewater (Masse et al., 2001). 
Many studies have shown that lipases exhibit substrate specificity towards p-
nitrophenyl esters with respect to the number of carbon atoms present (Gaskin et al., 
2000). A lipase from Bacillus sp. H-257 showed highest activity toward p-
nitrophenyl butyrate (C-4). Enzyme activity decreased when C >10 and, of the 
substrates tested, was lowest with ;?-nitrophenyl palmitate (C-16) (Imamura and 
Kitaura, 2000). Two lipase isoenzymes purified from Candida rugosa showed 
difference preferences towards p-nitrophenyl esters. Lip 2 was specific for p-
nitrophenyl caprylate (C-8) while Lip 3 was specific for /?-nitrophenyl butyrate (C-4) 
(Pernas et al, 2000). Bacillus sp. J33 produced a thermostable lipase with broad fatty 
acid specificity with little preference for substrates ranging from C-4 to C-12 
(Nawani and Kaur, 2000). The lipases produced by the three selected Meiothermus 
strains used in this study exhibited similar preferences for /?-nitrophenyl esters of a 
given chain length. Cell-associated lipases from all three strains exhibited relatively 
high activity with /?NP esters of fatty acids containing 6 (p-nitrophenyl caproate) to 
14 (p-nitrophenyl myristate) carbon atoms. jc-Nitrophenyl valerate (C-5) and p-
nitrophenyl palmitate (C-16) were also hydrolysed to a significant degree but only 
very low activity was detected on p-nitrophenyl acetate (C-2), p-nitrophenyl 
propionate (C-3) and /?-nitrophenyl stearate (C-18). 
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4.3. Biochemical and molecular studies of lipases from Meiothermus strain 
17R 
4.3.1 Production of lipases 
Lipase production by microorganisms is affected by various factors, 
especially the nature of the carbon source (Espinosa et al., 1990). Many carbon 
sources have been tested for their ability to enhance lipase biosynthesis in microbial 
systems. Dextrin was found to be the most effective inducer of lipase in the fungus 
Rhizopus delemar (Espinosa et al., 1990). Edible oils have also been included as 
major ingredients in culture media used for lipase production (Del et al., 1990). 
Dharmsthiti and Luchai, (1999) tested different kinds of edible oil, including olive 
oil, soybean oil, rice bran oil, palm oil, butter, tuna oil, castor oil and coconut oil, in a 
study of lipase production by Bacillus sp. THL027. Olive oil resulted in the greatest 
enhancement, and a 52 % increase in lipase activity was observed in cultures 
supplemented with 1 % olive oil compared to uiisupplemented controls. Similar 
observations were also found for lipase produced by Bacillus sp. IHI-91. Cultures 
supplemented with 1% olive oil resulted in maximum lipase production when 
compared with several oils, Tween 80 and glycerol (Becker et al., 1997). Sugihara et 
al. (1991) also found that a Bacillus sp. released lipase into the culture only when 
olive oil was added to the culture medium. Of four types of edible oil tested in the 
present study, cultures of Meiothermus, strain 17R, supplemented with peanut oil 
(0.2 % v/v) showed a 27% increase in cell-associated lipase activity compared with 
controls. 
Triolein, tributyrin and Tween derivatives have also been examined for their 
ability to stimulate lipase production. Tween derivatives can act as artificial lipids 
(Thomson et al” 1999). Extracellular lipase activity in cultures of Penicillium 
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citrinum was increased 0.7 % in the presence of Tween 80 (Maliszewska et al., 1992). 
Triolein (1 % ) was found to be the best lipase inducer for Penicillium simplicissimum 
(Sztajer et al.’ 1992). However, no induction of lipase production occurred in 
cultures of Bacillus thermocatenulatus supplemented with 0.5% Triton X-100 or 
0.5% Tween 80 (Schmidt-Dannert et al., 1994). In order to optimize lipase 
production by the selected strains of Meiothermus, different concentrations of Tween 
20, Tween 80，Triton X-100, gum arabic and triolein were added to the culture 
medium. However, no significant induction effects on cell-associated lipase were 
observed. Only supplementation with triolein resulted in an increase (~5%) in 
enzymic activity, and all the other additives were inhibitory. Therefore, 0.2% (v/v) 
peanut oil was routinely included in the culture medium used to study lipase 
production by the Meiothermus strains. Supplementation with Triton X-100 and 
Tween compounds resulted in large percentage increases in extracellular lipase 
activity. However, these were due to the effect of relatively small increases in actual 
enzyme production on the very low extracellular enzyme levels recorded in 
unsupplemented cultures. Moreover, it is not clear from these data if the effect of 
supplementation was to increase de novo enzyme production or simply to release 
cell-associated enzyme into the extracellular culture fluid. 
Another factor that affects lipase activity is the surface area of the substrate 
(Jaeger et al” 1994). As described in the Introduction section, lipases act at oil-water 
interfaces. Therefore, it is preferable that the substrate is in the form of an emulsion 
in order to increase the availability of the substrate surface area. Therefore, in m y 
research on lipase induction, emulsions of potential inducers were first prepared by 
sonicating water-inducer mixtures before adding to the culture medium. 
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4.3.2 Purification of lipases 
A series of standard protein purification procedures were adopted in the 
present study in order to purify lipases from Meiothermus. Efficient purification of 
the enzymes was hampered initially by the presence of the red pigment in cell-free 
extracts. The pigment appeared to bind tightly to the enzyme protein and affected the 
binding capacity of the enzymes to the different column matrixes used for 
purification. The lipase from Pseudomonas cepacia was also shown to be bound to a 
co-secreted purple pigment that could be removed by treatment with acrinol 
(Sugihara et al.’ 1992). Furthermore, Toida et al (1995) found that a lipase from 
Aspergillus oryzae was pigment-associated. The presence of the pigments caused 
distortions in subsequent purification procedures and had to be removed by ethanol 
precipitation. In order to facilitate removal of the pigment, Triton-X 100 was first 
added to the crude extract so as to dissociate the pigment from the enzyme proteins. 
The pigment was then separated by the addition of solid sodium chloride to increase 
the ionic strength of the enzyme extracts. Gilbert et al (1991) reported that sodium 
chloride also enhanced the activity of a lipase from P. aeruginosa EF2. Although a 
considerable amount of lipase activity was lost in this step, enzyme recovery was still 
much higher compared to when other procedures such as acetone precipitation, 
ethanol precipitation and charcoal decolourization were used to remove the pigment 
(data not shown). 
Another difficulty that is often faced when purifying lipases is the formation 
of aggregates. Lipases from Pseudomonas spp. are reported to form high molecular 
weight aggregates (Yeo et al, 1998; Stuger et al., 1986; Sugihara et ai, 1992). 
However, aggregate formation was not found in Bacillus spp. (Nawani and Kaur, 
2000) or with the Meiothennus strains used in this study. 
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Three lipase fractions were separated from extracts of Meiothermus strain 
17R, using the protein purification protocol adopted in this study. Lipase I and lipase 
II were separated using a combination of DEAE-Sepharose chromatography, 
Sephacryl S-100 chromatography and FPLC using a Mono P H R 5/5 column. The 
latter served as an effective step in separating the two lipase proteins based on their 
slightly different pi values. Unfortunately, initial enzyme levels in crude extracts 
were extremely low and it has proved difficult to obtain sufficient protein for 
extensive biochemical characterisation. 
Many of the reported lipases have been purified using hydrophobic 
interaction chromatography (Sztajer et al, 1992; Imamura and Kitaura, 2000). 
Therefore, in the present study, Phenyl-Sepharose chromatography was used to 
purify a third lipase fraction, lipase III. However, the yield of purified lipase was 
again very low, mainly due to the tight binding of lipase to the hydrophobic column 
(Nawani and Kaur, 2000). Elution was only possible after continuous washing with 
lo/o Triton X-100. Moreover, the ammonium sulphate used in this purification step 
reacted with the /^ -nitrophenyl ester substrate to give a high background absorbance 
and thereby interfered with the assay of the lipase activity. 
4.3.3 Characterization of purified lipases 
Although lipase I and lipase II fractions appeared as a single band using 
native PAGE，several bands were obtained when both fractions were subjected to 
SDS-PAGE. Similar multimeric patterns were observed following SDS-PAGE 
analysis of a lipase isolated from the thermophilic bacterium, Bacillus 
thermocatenulatus (Schmidt-Dannert et al” 1994). 
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The N-terminal amino acid sequence of lipase I was N-
A E K L F G K A M K R V E D P R F I T G T G N Y T ; and the sequence of lipase II was N-
A/R/KVQAPNLEQ/R/PKGKAMKG/AHGMV/L. After undertaking a BLAST 
search, the N-terminal sequence of lipase I was found to exhibit very high homology 
with those sequences reported for several carbon monoxide dehydrogenases isolated 
from thermophilic bacteria. No homologous amino acid sequences were found in the 
case of lipase II. 
Carbon monoxide dehydrogenase plays a key role in carbon monoxide 
metabolism and catalyses the oxidation of carbon monoxide to carbon dioxide 
(Lorite et al., 2000; Dobbek et al., 1999). Many microbial species have been reported 
to produce carbon monoxide dehydrogenases (Gonzalez and Robb, 2000). Although 
further experimentation is necessary to establish if 'lipase 1’ is able to catalyse C O 
oxidation, carbon monoxide dehydrogenases have been reported to release p-
nitrophenol from p-nitrophenyl ester substrates of the type used to assay lipase 
activity in this study. Hille (1996) reported that carbon monoxide dehydrogenase 
catalyses the oxidative hydroxylation of many aldehydes and aromatic heterocycles 
(Fig. 4.1)，indicating that not only lipase can react with the ;?-nitrophenyl ester but 
also carbon monoxide dehydrogenase. However, although both lipases and carbon 
monoxide dehydrogenases release /?-nitrophenol from p-nitrophenyl esters, different 
mechanisms are involved. In the case of carbon monoxide dehydrogenase, one of the 
C-H bonds in the ester molecule is cleaved and, at the same time, a C=0 bond is 
formed from C-OH. No oxygen atom transfer is involved in this process (Hille, 
1996). In the case of lipase, cleavage of an ester bond involves the transfer of the 
oxygen atom from a water molecule to form the corresponding acid and p-
nitrophenol (Berglund and Hutt, 2000). 
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Interestingly, most microbial carbon monoxide dehydrogenases are produced 
under anaerobic conditions (Svetlichny et al” 1991). No significant difference in the 
amount of p-nitrophenyl ester hydrolysing activity was observed in olive oil-
supplemented cultures compared to unsupplemented controls. However, it is possible 
that supplementation increased the contribution of the C O dehydrogenase in terms of 
overall release of p-nitrophenol by creating conditions more suitable for increased 
biosynthesis and/or stability of this enzyme. Thus, it has been reported that the 
addition of olive oil decreases oxygen availability (Becker et al., 1997). 
As described above, although the purified ‘lipase I/carbon monoxide 
dehydrogenase' produced a single band on native PAGE, several bands were 
observed by SDS-PAGE. The major protein band observed by SDS-PAGE had a 
molecular weight corresponding to -80 kDa (Fig. 3.12). Characterisation of carbon 
monoxide dehydrogenase has shown this enzyme to possess a heterohexameric 
subunit structure when subjected to SDS-PAGE (Lorite et al., 2000). SDS induced 
dissociation of the native protein into high, medium and low molecular subunits (Xia 
et al.’ 1996). 
O O H 
〇 11 Carbon monoxide . 
/, dehydrogenase ^/c：^ 
H — ? + II II ^ c〇2 + y 
O H > r ^ R R 
C O H 
Figure 4.1 Oxidative hydroxylation by carbon monoxide dehydrogenase. 
(modified from Hille, 1996) 
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4.3.4 A mino acid sequencing of lipase 
A variety of microbial lipase genes, especially from species of Pseudomonas 
and Bacillus, have been cloned and sequenced (Amada et al., 2000; Beven et al., 
2001; Chung et al., 1991; Dartois et al., 1992) although there are no reports of any 
lipase sequences from Meiothermus. Available sequences indicate significant shared 
homology only within the same genus (Eggert et al., 2001; Hiol et al., 2000; 
Ishimoto et al., 2001). Thus, homologous sequences are found among lipases isolated 
from different Pseudomonas spp. but these are quite different from those of lipases 
from Bacillus spp.. Many deduced N-terminal amino acid sequences of lipases 
showed no significant homology with other sequences (Imamura and Kitaura, 2000; 
Schmidt-Dannert et al., 1994) and this has made alignments and confirmation very 
difficult. The only conserved sequences, e.g. GX1SX2G, are located at the active site 
although, even here, the first Gly of the conserved sequence is replaced by an Ala 
residue in lipases isolated from Bacillus spp. (Dartois et a!., 1992; Cho et al” 2000). 
Since the N-terminal amino acid sequence could not be used to confirm whether 
lipase II is a true lipase, two degenerate primers (one forward and one backward) 
were designed in an attempt to obtain a longer D N A sequence for cloning and 
sequencing. The design of degenerate primers was based on the N-terminal amino 
acid sequence and not the conserved sequence since the latter consisted of only five 
amino acids, GX1SX2G, two of which are unknown. Even then, the primers proved to 
be too degenerate for an acceptable degree of annealing and only a short fragment 
consisting of 57bp was amplified using PCR. Short PCR products always contain 
less D N A than long products for the same number of copies and therefore it was very 
difficult to be seen on the agarose gel. The annealing ability of the reverse primer 
might have been improved if C A T was added to the 3' end since this is unambiguous 
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and forms a firmly bound point of extension. However, time constraints ruled out 
further experimentation using additional primers and optimisation of PCR conditions, 
and it has not proved possible to determine the full sequence of the lipase in the 
present study. 
5. Summary and suggestions for further study 
Lipases from Meiothermus spp. have been studied and the following conclusions 
reached: 
(1) A majority of Meiothermus spp. isolated from hot springs produce cell-
associated lipase. Addition of olive oil to the culture medium enhanced 
lipase secretion by some strains. 
(2) Three Meiothermus strains (IIR, 17R and 12RB) exhibited maximal 
activity on C-10 p-nitrophenyl esters. 
(3) The optimal pH and temperature values for the lipases from Meiothermus 
strains IIR, 17R and 12RB were pH 8.6, 8.2 and 8.2 respectively and 
between 70 - 75 
(4) Lipases from Meiothermus are relatively thermostable 
(5) Three lipases were purified from Meiothermus, strain 17R. Two of these 
were of similar molecular weight (80 kDa) and one of the lipases had a pi 
of 4.6. 
(6) Lipase I was found to exhibit very high homology with the N-terminal 
amino acid sequences reported for several carbon monoxide 
dehydrogenases isolated from thermophilic bacteria. 
(7) Further studies (construction of genomic library, cloning and sequencing) 
are required to confirm the identity of lipase II. 
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6. Appendix 
Symbols for amino acids 
A Ala Alanine 
B Asx Asparagine or aspartic acid 
C Cys Cystenine 
D Asp Aspartic acid 
E Glu Glutamic acid 
F Phe Phenylalanine 
G Gly Glycine 
H His Histidine 
I lie Isoleucine 
K Lys Lysine 
L Leu Leucine 
M Met Methionine 
N Asn Asparagine 
P Pro Proline 
Q Gin Glutamine 
R Arg Arginine 
S Ser Serine 
T Thr Threonine 
V Val Valine 
W Tip Tryptophan 
Y Tyr Tyrosine 
Z Glx Glutamine or Glutamic acid 
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